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“All the tendencies present in the outer world are to be found
in the world of our body. If we could change ourselves,
the tendencies in the world would also change. [...]
A wonderful thing it is and the source of our happiness.
We need not wait to see what others do.”[1]
Mahatma Gandhi

Contents
1 Theoretical Background 1
1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.2 The Organic Field-Effect Transistor . . . . . . . . . . . . . . . . . . . . . . 4
1.2.1 Introduction and Device Conception . . . . . . . . . . . . . . . . . 4
1.2.2 Fundamental Operation . . . . . . . . . . . . . . . . . . . . . . . . 6
1.2.3 OFET Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.3 Semiconducting Polymers . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.3.1 Fundamentals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.3.2 The Evolution of Polymer Structure and Charge Carrier Mobility . 17
1.4 Synthesis of pi-Conjugated Polymers . . . . . . . . . . . . . . . . . . . . . . 29
1.4.1 Oxidative Polymerizations . . . . . . . . . . . . . . . . . . . . . . . 30
1.4.2 Transition Metal-Catalyzed Step-Growth Polycondensations . . . . 32
1.4.3 Transition Metal-Catalyzed Chain-Growth Polycondensation . . . . 39
1.5 Characterization of Semiconducting Polymers for Application in OFETs . . 42
1.5.1 Structural Characterization Methods . . . . . . . . . . . . . . . . . 42
1.5.2 Thermal Characterization Methods . . . . . . . . . . . . . . . . . . 43
1.5.3 Optical Characterization Methods . . . . . . . . . . . . . . . . . . . 44
1.5.4 Electrochemical Characterization Methods . . . . . . . . . . . . . . 45
1.5.5 Morphology and Microstructure Analysis . . . . . . . . . . . . . . . 47
2 Motivation and Aim 49
3 Results and Discussion 53
3.1 Finely Tuned In-Chain pi-Conjugation in Naphthalene Diimide-Based Copoly-
mers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.1.2 General Considerations about the Choice of the Comonomers . . . 56
3.1.3 Synthesis of PNDI-TVTx Copolymers . . . . . . . . . . . . . . . . . 57
3.1.4 Structural Characterization . . . . . . . . . . . . . . . . . . . . . . 59
i
Contents
3.1.5 Investigation of Thermal Properties . . . . . . . . . . . . . . . . . . 63
3.1.6 Investigation of Optoelectronic Properties . . . . . . . . . . . . . . 65
3.1.7 Computational Results by DFT Calculations . . . . . . . . . . . . . 69
3.1.8 Investigation of the Thin-Film Microstructure . . . . . . . . . . . . 70
3.1.9 Investigation of Charge Transport Properties . . . . . . . . . . . . . 72
3.1.10 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.2 pi-Conjugated Thiazole Containing Naphthalene Diimide-Based Copolymers 77
3.2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.2.2 Synthesis of P(NDIR-TzVTz) Copolymers . . . . . . . . . . . . . . 79
3.2.3 Synthesis of P(NDIR-Tz2) Copolymers . . . . . . . . . . . . . . . . 90
3.2.4 Investigation of Thermal Properties . . . . . . . . . . . . . . . . . . 97
3.2.5 Investigation of Optoelectronic Properties . . . . . . . . . . . . . . 99
3.2.6 Computational Results by DFT Calculations . . . . . . . . . . . . . 104
3.2.7 Investigation of Charge Transport Properties . . . . . . . . . . . . . 106
3.2.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
3.3 Diketopyrrolo[3,4-c]pyrrole-Based Copolymers . . . . . . . . . . . . . . . . 111
3.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
3.3.2 Monomer Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
3.3.3 Synthesis of DPP-Based Copolymers . . . . . . . . . . . . . . . . . 119
3.3.4 Impact of Reaction and Processing Conditions on Charge Transport
Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
3.3.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
4 Conclusion and Future Prospective 147
4.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
4.2 Finely Tuned In-Chain pi-Conjugation in Naphthalene Diimide-Based Copoly-
mers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
4.3 pi-Conjugated Thiazole Containing Naphthalene Diimide-Based Copolymers 153
4.4 Diketopyrrolo[3,4-c]pyrrole-Based Copolymers . . . . . . . . . . . . . . . . 158
4.5 Final General Remark . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
5 Experimental Part 163
5.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.2 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
5.3 Monomer Syntheses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
5.4 PNDI-TVTx Copolymer Series . . . . . . . . . . . . . . . . . . . . . . . . . 192
5.4.1 Synthesis via Stille Coupling Polycondensation . . . . . . . . . . . 192
ii
Contents
5.4.2 DFT Calculations . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
5.4.3 Grazing Incidence X-ray Diffraction . . . . . . . . . . . . . . . . . . 194
5.4.4 Fabrication and Electrical Characterization of TGBC-OFETs . . . . 194
5.5 P(NDIR-TzVTz) and P(NDIR-Tz2) Copolymers . . . . . . . . . . . . . . . 195
5.5.1 P(NDIR-TzVTz) - Stille Coupling Polycondensation . . . . . . . . . 195
5.5.2 P(NDIR-Tz2) - Stille Coupling and Active-Zinc Polymerizations . . 196
5.5.3 EPR Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
5.6 Series of DPP-Based Copolymers . . . . . . . . . . . . . . . . . . . . . . . 199
5.6.1 Stille Coupling Polycondensation Procedure . . . . . . . . . . . . . 199
5.6.2 GPC Monitoring of Stille Coupling Polycondensations . . . . . . . . 200
Appendix 203
List of Abbreviations and Symbols 215
List of Figures 219
List of Tables 227
Bibliography 229
iii

1 Theoretical Background
1

1.1 Introduction
1.1 Introduction
In 1976 A. J. Heeger, A. G. MacDiarmid and H. Shirakawa demonstrated that the
partial oxidation of the pi-conjugated polymer polyacetylene, referred to as doping in this
context, resulted in an increase in the electrical conductivity (σv) by up to eleven orders of
magnitude to 5.6·104 S/m, thus, exceeding the field of semiconductors (10-6<σv<102 S/m)
and reaching the performance of metallic conductors (102<σv<108 S/m).[2–5] Since this
groundbreaking discovery, honored with the Nobel Prize in Chemistry in 2000,[5, 6] pi-
conjugated polymers have attracted high interest by the scientific community due to
intrinsically combining electrical properties of inorganic materials, such as semiconductors
or metals, with characteristic mechanical and processing properties of conventional plastic
materials. The scientific success of this new class of polymers is reflected by the growing
total number of publications since 1976, approaching a number of 4000 in sum for the last
5 years (Figure 1.1, left). Additionally, the performed SciFinder analysis also revealed the
same trend for the number of patents indicating an increasing technological importance for
future innovations (Figure 1.1, right). This remarkable potential of pi-conjugated polymers
was already realized in 1991 by Prof. B. Rånby designating pi-conjugated polymers as
“fourth generation of polymeric materials” during the Nobel symposium.[7, 8]
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Figure 1.1: Total number of publications (left) and patents (right) attributed to the term
“conjugated polymers” as entered according to a SciFinder analysis performed on August 17,
2016.
During the past decades pi-conjugated polymers have especially evinced promising suit-
ability as semiconducting material to replace common inorganic semiconductors in elec-
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tronic devices, aiming at opening up novel fields of application. That has decisively
impacted the emerging research field of Organic Electronics motivated by complementing
existing technologies. Due to their inherent plastic properties, particularly comprising
flexibility, light-weight, low-cost processibility from solution, pi-conjugated, semiconducting
polymers (SCPs) are now evolving as crucial materials for the next generation of con-
sumer electronics on the basis of unconventional optoelectronic technologies and modern
large-scale printing technologies for mass production.[9–17] Thereby, organic field-effect
transistors (OFETs),[18–20] organic solar cells (OSCs)[21, 22] and organic light-emitting diodes
(OLEDs)[23] present the major developments in Organic Electronics besides others, such as
radio-frequency identification (RFID) tags,[24] organic electrochromic devices (OECDs),[25]
thermoelectric generators (TEG)[26, 27], batteries[28, 29] and sensors.[30] Especially, developing
OFETs with improved electrical performance will be trendsetting as they are required
as fundamental switching units in logic circuits and display technologies, for instance,
the active-matrix OLED (AMOLED) display technology currently used in smartwatches,
mobile devices, laptops and televisions.[31, 32]
1.2 The Organic Field-Effect Transistor
1.2.1 Introduction and Device Conception
John Bardeen, Walter Brattain and William Shockley invented the first transistor at Bell
Telephone Laboratories in 1947 which should revolutionize the electronic world in the 20th
century. The transistor conventionally consists of metal electrodes, an insulator and, most
important, a semiconductor and provides the opportunity to amplify an electronic signal
and/or to switch the electronic current between two electrodes. Therefore, it has become
the fundamental element in electronics and spawned functional integrated circuits and
microprocessors.[33, 34] The enormous impact on future generations was already recognized
in 1956 by honoring the research on semiconductors and the discovery of the transistor
effect with the Nobel Prize in Physics.
Afterwards the discovery of conducting and semiconducting organic materials paved
the way for the further development of organic transistors. An organic transistor is a
metal-insulator-semiconductor (MIS) field-effect transistor (FET), similarly composed
as general transistors but at least the typically used inorganic semiconductor silicon is
replaced by an organic pi-conjugated material. The most convenient way of incorporating
organic transistors into electronics is their implementation as thin-film transistors (TFTs)
whereas this concept yielding organic thin-film transistors (OTFTs) was first introduced
4
1.2 The Organic Field-Effect Transistor
in 1980s.[35–38] Moreover, in the past 20 years technologies and materials were further
developed allowing the fabrication of all-polymer transistors for integrated circuits.[39, 40]
(Sidenote: Since both terms, OTFT and OFET, are used synonymously, only the term
OFET will further be used in this thesis to avoid confusions.)
OFETs are fabricated on an insulating substrate by the deposition of thin layers of the
four main components: source and drain electrodes between whom the current should be
controlled, a semiconductor as variably conducting element, an insulating gate dielectric
and a gate electrode (Figure 1.2).[20, 41] Layer thicknesses in the process vary for the
different components from few nanometer thick electrode adhesion layers to a few hundred
nanometer thick dielectric layers. Depending on the arrangement of the components, four
typical OFET structures result with top-gate (TG) or bottom-gate (BG) architecture
in combination with top-contacts (TC) or bottom-contacts (BC). However, in all types
the insulating dielectric layer separates the gate electrode from the semiconductor and
source/drain electrodes which define the channel length (L) and channel width (W ) as
shown for the BGTC structure (Figure 1.2).
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Figure 1.2: Scheme of the four fundamental OFET structures with exemplarily demonstrating
the channel parameters, channel length (L) and channel width (W ), in the BGTC-OFET.
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Each of the four OFET structures reveals different advantages and disadvantages with
regard to the electrical performance and device fabrication. One important process is the
transfer of charge carriers between the source/drain electrodes and the semiconductor
what is accompanied by an obstructive energy barrier. Both, experiments and simulations
showed that TGBC- and BGTC-FETs are less influenced by the same energy barrier
height than the other two.[42–46] Nonetheless, as the semiconductor is deposited on top
of the source/drain electrodes in BGBC structures the electrode surface can be modified
by organic monolayers revealing appropriate dipole moments[47–49] or by thin metal oxide
layers[50, 51] to decrease the impact of the energy barrier on the transfer efficiency of charge
carriers. In contrast, the remaining TGTC architecture does not allow such modifications
of the electrode surface as the electrodes are deposited directly on the semiconductor.[20]
Although the BGBC structure finally tend to provide lower charge carrier mobility values
compared to BGTC-OFETs the architecture is suitable for large-scale, low-cost fabrication
and photolithography can further be used to reduce device geometries. Additionally, the
deposition of the semiconductor in the last step of BGBC devices is favorable as no other
processing steps follow which influence the sensitive interface to the electrodes and to
the dielectric. In particular, the thermal evaporation of metal source/drain electrodes
through a shadow mask on top of the semiconductor can damage the organic material
(BGTC and TGTC). Thus, BC structures are most favorable whereas, however, the top-
gated architecture (TGBC) additionally provides self-encapsulation of the semiconducting
layer and the channel area by the dielectric (Figure 1.2). Consequently, this leads to an
improved device resistance to environmental influences. Moreover, TGBC-OFETs can
completely be fabricated by large-scale printing technologies which in combination with
organic materials/polymers afford low-cost, fully flexible electronic devices.
1.2.2 Fundamental Operation
The ability to control the current between the source and drain electrode originates from
the possibility of a semiconducting material to change its electrical conductivity from an
insulator to a conductor by external stimuli. According to equation 1.1, the electrical
conductivity (σv) is determined as product of the density of charge carriers (n), their
elementary charge (e) and their mobility within the material (µ).
σ = n · e · µ (1.1)
Since e and µ are either constant general or material parameters the density of charge
carriers is the physical quantity that can significantly be modulated in the semiconductor
6
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to obtain appropriate conductivity. In FETs, applying a gate-source voltage (VGS) gen-
erates an electric field passing through the dielectric layer and, thus, attracting mobile
charge carriers of opposite polarity in the semiconductor, also referred to as charge carrier
accumulation. This causes the formation of a conductive channel of charge carriers in
direct vicinity to the interface between semiconductor and dielectric (Figure 1.3). Applying
now a second bias, the drain-source voltage (VDS), allows a current to flow between drain
and source electrode (IDS). Since a FET hence is a voltage controlled device turning off
VGS leads to the collapse of the conductive channel and to a switching of the transistor
from the on-state to the off-state where no notable current should be detected subject to
a high purity of the used semiconductor. For this reason, IDS is further differentiated in
the on-current Ion and off-current Ioff. Additionally, VGS not only controls the density of
charge carriers in the conductive channel and in this way the measurable Ion but also the
type of charge carriers in the channel. A positive VGS attracts and accumulates electrons
and a negative VGS holes/defect electrons what is further expressed by the terms n- and
p-type operation, respectively (Figure 1.3). Accordingly, the polarity of VDS has to be
changed what will further result in negative drain-source currents reflecting the changed
flowing direction of electrons.
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Figure 1.3: Schematical presentation of n- and p-type OFET operation. Indicated are source
(S), drain (D) and gate (G) electrodes and electrical field lines (black arrows).
Electrical OFET properties are investigated by recording the current-voltage curves at
constant gate-source voltages, output characteristic, or constant drain-source voltages,
transfer characteristic, which are exemplarily displayed in Figure 1.4 for an n-type operating
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device. The output curves prove the nonconducting behavior of the semiconductor at zero
gate-source voltage, the off-state. For positive VGS the conductive channel forms, electrons
are injected from the source electrode into the semiconductor and IDS increases with VDS.
Additionally, IDS also increases with VGS as VGS adjusts the density of charge carriers in
the channel. A second characteristic is the dependance of IDS on VGS at constant VDS,
referred to as transfer curve (Figure 1.4). Here, by generating the square root I1/2DS -VDS
plot the threshold voltage (Vth) can be graphically determined which is an important
device parameter defined as minimum gate-source voltage to obtain notable drain-source
currents.
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Figure 1.4: Exemplary output (left) and transfer curves (right) of an n-type operating TGBC-
OFET with demonstrating the determination of the threshold voltage Vth from the square root
plot (right, green).
The curve progression of IDS can be divided in two regimes, in particular obvious for the
output characteristic in Figure 1.4. Both, the linear regime at low VDS and the saturation
regime at high VDS are thereby described by equation 1.2 and 1.3, respectively.[20]
IDS,lin = µ
CiW
L
(VGS − Vth − VDS2 )VDS for | VDS |<| VGS − Vth | (1.2)
IDS,sat = µ
CiW
2L (VGS − Vth)
2 for | VDS |>| VGS − Vth | (1.3)
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Thus, the drain-source current further depends on the charge carrier mobility of the
semiconductor µ, the gate dielectric capacitance Ci, the channel dimensions, length (L)
and width (W ), and on the threshold voltage Vth. Besides the graphical approach, Vth
is commonly calculated by equation 1.3 along with the mobility µ as all other physical
quantities are either known material properties or fabrication/operation parameters (Ci,
W, L, VGS, VDS).
The OFET performance is critically influenced by three important parameters: the charge
carrier mobility µ, the threshold voltage Vth and the current modulation ratio Ion/Ioff
obtained by the quotient of IDS in the on- (at appropriate maximum of VGS) and off-state
(VGS = 0V). The mobility defines how fast the respective charge carriers, electrons or holes,
drift through the active area of the semiconductor per unit electric field and therefore
substantially determines required voltages, possible switching frequencies and the final
power consumption. The threshold voltage not only represents the minimum operating
voltage but also provides indications for the purity of the semiconductor and the quality
of the semiconductor/dielectric interface. High Vth can thereby be attributed to the
significant presence of charge carrier traps which have to be filled to enable a current to
flow between source and drain or, on the other hand, indicate high injection barriers for
the charge carriers from the electrode to the semiconductor (contact resistance at the
electrode-semiconductor interface). The current modulation ratio Ion/Ioff also serves as
indicator for the purity of the semiconductor and channel interface whereas high Ioff values
often result from doping of the semiconductor by its surroundings.[20, 41] Importantly, high
Ion/Ioff values are especially required for transistors in logic circuits.
In conclusion, this shows that the actual (field-effect) charge carrier mobility µ (µFET) of
new materials is only accessible via the fabrication and electrical characterization of OFET
devices followed by the empirically fitting of parameters in the IDS equations. However,
due to complex device fabrication, sensitivity of crucial interfaces and particularities of
the variable OFET structures, the final OFET performance is not only influenced by the
properties of the used materials but very critically by every single processing step. Thus,
the OFET mobility of an organic semiconducting material is depending on the obtained
film morphology, extent of grain boundaries and quality of interfaces to source/drain
electrodes and to the dielectric. This circumstance finally complicates the comparison of
experimentally determined charge carrier mobility values for organic materials which were
published by different research groups.
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1.2.3 OFET Materials
Substrates used for OFETs range from rigid inorganic materials, mainly silicon with
insulating oxide layer or glass, to flexible polymers such as polyethylene terephthalate
(PET) or polyethylene naphthalate (PEN) (Figure 1.5).[52, 53] Moreover, by adjusting the
fabrication conditions standard print paper could also be used as substrate.[54, 55] On this
account OFET-based organic electronics are very attractive for designers and entrepreneurs
in order to access new fields of application for electronic devices.
Figure 1.5: Flexible polymers used as substrate material for OFETs allowing mass production via
modern roll-to-roll printing technologies: PET - polyethylene terephthalate, PEN - polyethylene
naphthalate.
For the electrodes, the non-noble metal aluminum, besides chromium, is suitable as gate
electrode material because of its strong adhesion on glass or plastics. In contrast, the
noble metal gold mainly is the material of choice for source/drain electrodes due to the
favorable electronic work function enabling lower contact resistances/charge injection
barriers. Additionally, gold is also used as material for the gate electrode. Electrode
deposition techniques mainly utilize (I) thermal evaporation through shadow masks or
assisted by lithographic methods to develop the desired pattern,[56–59] or (II) printing of
the metal nanoparticle suspensions by applying different methods.[60, 61] Besides metals,
conductive polymers such as polyaniline (PANI), polypyrrole (PPy) and, most notably,
poly(3,4-ethylenedioxythiophene) (PEDOT) were successfully used as OFET electrode
materials with electrical conductivities in the range of 0.1 Scm-1to 1000 Scm-1 (Figure
1.6).[56, 62–66] Mainly, these polymers can be synthesized by oxidative polymerizations using
electrochemical approaches or oxidizing agents, or by transition metal-mediated couplings.
Exemplarily in case of PEDOT, oxidative polymerizations of 3,4-ethylenedioxythiophene
(EDOT), for instance in the presence of iron(III) chloride FeCl3, iron(III) p-toluenesulfonate
Fe(OTs)3 or sodium persulfate Na2S2O8, lead to insoluble PEDOT batches. Inevitably,
the oxidizing agents simultaneously cause the partial oxidation of the polymer (p-doping
of about every third to fourth repeating unit) and, for this reason, the obtained PEDOT
exhibits high conductivities of some hundred siemens per centimeter.[65] By including the
negative polyelectrolyte poly(4-styrenesulfonic acid) (PSS)[66] as charge-balancing additive
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into the synthetic procedure, water-soluble PEDOT:PSS dispersions were developed by
Bayer AG researchers introducing the product as Baytron P onto the market. In this
process the polyelectrolyte can be used in pure or as corresponding sodium salt.[65, 66]
Today, PEDOT:PSS has gained the highest importance among polymer-based, conductive
electrode materials and has successfully been used in all-organic/polymer, fully printed
transistors.[67–69]
Figure 1.6: Conductive polymers used as electrode materials in OFETs. Partial oxidation
occurs during the polymerization, for instance in the presence of oxidizing agents, and resulting
positive charges are balanced by (poly-)anions to ensure dispersability. Other used solubilizing
agents are for example sodium dodecyl sulfate, di-(2-ethylhexyl) sulfosuccinate sodium salt or
camphorsulfonic acid.[70, 71]
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In contrast to the other components, research in the field of dielectric materials comparably
played a minor role in organic electronics for a long time as the characterization of
new organic semiconductors could be performed by using the known Si/SiO2 substrates
being available from microelectronics industry.[72] For this reason, common dielectric
materials have been inorganic oxides, in particular silicon dioxide or aluminum oxide,
developed from the substrate (silicon substrates) or, in bottom-gate devices, directly from
the gate electrode (aluminum or heavily doped silicon). Because of their rigidity and
high-temperature processing conditions these inorganic oxides were not compatible with
flexible substrates or new organic semiconductors and hence were replaced by insulating
polymers. Polyvinylalcohol (PVA), polystyrene (PS), polyimides, poly(4-vinylphenol)
(PVP), poly(methyl metacrylate) (PMMA) or the fluorinated poly(perfluoro-butenylvinyl
ether) (CYTOPTM) thereby are the most important representatives (Figure 1.7).[73]
Figure 1.7: Polymers used as dielectric material in OFETs: PVA - poly(vinyl alcohol), PS
- polystyrene, PVP - poly(4-vinylphenol), PMMA - poly(methyl methacrylate), CYTOP -
poly(perfluoro-butenylvinyl ether).
An optimal gate dielectric layer should afford a large gate coupling and low gate-source
leakage currents. Large gate coupling refers to a high gate dielectric capacitance per unit
area (Ci) which is required for a gate-source voltage controlled operation of the device
at low overall voltages. Thus, Ci will additionally influence the power consumption of
the device whose reduction is especially important for the development of mobile devices
powered by small batteries. Gate-source leakage currents occur due to defects in the
dielectric layer which are substantially reduced by increasing its thickness (d). However,
equation 1.4 clearly elucidate the indirect proportional dependence between Ci and d
pointing out compromises in conceptualizing the dielectric layer.
Ci = ε0 · εr · A
d
(1.4)
Besides the layer thickness/distance between the electrodes d, the overlapping electrode
area A, the electric constant ε0 and the relative static permittivity (dielectric constant) εr
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of the material between the electrodes determine the value of the capacitance. Thus, to
bypass the reduction of Ci with d, high permittivity (also referred to as as high-κ) dielectrics
were developed and investigated, such as inorganic transition metal oxides (TiO2, ZrO2 or
HfO2).[73] With regard to organic materials, an increase in permittivity was for instance
discussed for polymeric hybrid composites (with e.g. BaTiO3 nanoparticles as additive)
or for equipping the dielectric polymer with polar functionalities (e.g. hydroxy-, ether-,
cyano-groups, ...).[73–76] This ensured low gate-source leakage currents but also revealed a
critical drawback as reported by various research groups. Increasing the permittivity was
found to lower the charge carrier mobility in the conductive channel presumably due to
polarization effects. [77–80] On the other hand, aiming at high capacitances the use of thin
films of low-κ materials suffers from high leakage currents caused by pinholes/defects in
the dielectric layer or by quantum-mechanical tunneling. However, using self-assembled
mono- (SAMs) and multilayers (SAMTs) or thin layers of cross-linkable dielectric polymers
showed promising capacitances and low leakage currents at layer thicknesses of about 10 -
20 nm (Figure 1.8).[81–83] Furthermore, this approach further allows multilayer dielectrics
without the challenging need of finding orthogonal solvents for the dielectric polymers
what would otherwise necessary to avoid damaging of the layer underneath. These
multilayers could consist of a low-κ polymer in contact with the semiconductor and a
high-κ material/polymer distant to the critical semiconductor/dielectric interface. In this
way detrimental polarization effects on the conductive channel and charge trapping at
the interface could be bypassed while enabling high capacitances at low voltages and low
leakage currents.
Figure 1.8: Molecules for self-assembled mono- and multilayer dielectrics in OFETs: ODTS -
octadecyltrichlorosilane, ODPA - octadecylphosphonic acid, PhO-ODTS - 18-phenoxyoctadecyl
trichlorosilane, BTSO - 1,8-bis(trichlorosilyl)octane, PCTS - perchlorotrisiloxane. Note that
BTSO and analogs with shorter alkyl segments are also used for cross-linking of for instance thin
PVA or PVP dielectric layers.
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The semiconductor is the most crucial component of an OFET device and intensive
research focused on understanding structure-property relationships in order to improve
the charge carrier mobility and the electrical OFET performance. Guided by the incentive
to understand the impact of structural modifications on optoelectronic properties, frontier
molecular orbital topography, thin-film morphology and charge carrier mobility a very broad
selection of semiconducting polymers has been developed. It ranges from structurally
modest homopolymers with small repeating units to complex copolymers consisting
of specially designed and partially large comonomers equipped with precise structural
modifications. As this thesis is dedicated to the field of semiconducting polymers this class
of materials will be comprehensively discussed in the following chapter.
However, here it should already be noted that organic solids exhibit lower charge carrier
mobilities compared to established inorganic semiconductor crystals used in current
microelectronic applications. Nonetheless, the electrical performance of flexible, impact
resistent and highly transparent organic transistors has continuously been improved
during the last decades and modern low-cost, low-temperature, and large-scale fabrication
processes were developed for their production. This unique combination is assessed to
pave the way for a new generation of consumer electronics in parallel existence with the
established inorganic high-performance microelectronics.
1.3 Semiconducting Polymers
1.3.1 Fundamentals
In contrast to conventional plastic materials, the conjugation of double bonds along the
polymer backbone is the essential structural feature of conducting polymers. Exemplarily
demonstrated for the simplest representative polyacetylene, the sp2-hybridized carbon
atoms form two sp2-sp2-σv-bonds to each other, one sp2-s-σv-bond to the hydrogen atom and
one pz-pz-pi-bond (Figure 1.9, left). An overlap of all pz-orbitals would thereby result in a
delocalization of the pi-electrons along the whole polymer chain and, thus, to properties
of metal conductors. However, in 1955 Peierls already pointed out the instability of
one-dimensional metals due to a structural distortion which is why the typical alternation
of single and double bond distances along the polymer backbone exists.[84] In conclusion,
a continuous, half filled electronic band does not exist but a fully occupied pi-band, the
valence band (highest occupied molecular orbital (HOMO)), and an unoccupied pi*-band,
the conduction band (lowest unoccupied molecular orbital (LUMO)) (Figure 1.9, right)
which are energetically separated by the band gap (band gap energy Eg).
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Figure 1.9: Energy level schemes showing the transition of two isolated pz-atom orbitals of
sp3-hybridized carbon atoms to the bonding pi- and anti-bonding pi*-molecular orbitals (left)
and, exemplarily for polyacetylene, the splitting of the continuous electronic band structure of
one-dimensional metals due to the Peierls instability.[85]
According to solid state physics, the band gap energy and relative position of the Fermi
energy to the electronic bands determine whether the material acts as a metal, semicon-
ductor or insulator and, furthermore, whether a semiconductor tends more to be suitable
for hole (p-type) or electron (n-type) transport (Figure 1.10). The Fermi energy thereby
defines the highest energy of an electron in a many-particle system in its ground state.
Metal Insulator
Semiconductors
p-type intrinsic n-type
Density
of states
Figure 1.10: Schematic presentation of the population of electronic states in metals, semicon-
ductors and insulators depending on the position of the Fermi energy EF. Width represents
density of available states at a certain energy and the shading their occupation according to the
Fermi-Dirac statistics (dark blue: completely filled states, white: fully unoccupied states).[86, 87]
In metals, the Fermi energy is located within an electronic band what causes the presence
of many partially filled states - a prerequisite for good electrical conductivity. In contrast,
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insulators have a wide band gap with the Fermi energy sitting in the middle causing only
a negligible number of partially filled states. The Fermi energy in p-type semiconductors
is close to the valence band and in n-type semiconductors close to the conduction band
what facilitates hole and electron transport, respectively. In intrinsic semiconductors the
Fermi energy is situated in the middle of the band gap which is why partially filled states
occur in both, the valence and conduction band. Thereby, materials showing significant
charge transport of both, holes and electrons, are termed ambipolar.
Typical band gap energies for conjugated polymers range from 0.9 eV to 3 eV which is why
they can be assigned to semiconducting materials (typical band gap energy 0.1 - 4 eV).[88]
The band gab energy thereby complies with the energy of the near ultraviolet radiation,
visible light and near infrared radiation regime (≈ 400 - 1400 nm). Thus, an exposure
with the appropriate radiation energy leads to an absorption of energy and excitation
of electrons from the valence band to the conduction band. Due to the relatively weak
intermolecular interactions in organic solids compared to inorganic semiconductor crystals
significantly limiting the extension of the electronic wave function, these electron-hole
pairs are mainly located at the same molecule via high bonding energies (Frenkel excitons).
In contrast, excitons in inorganic semiconductors are loosely bonded and delocalized over
several lattice constants (Wannier-Mott exitons). The bonding energy of an electron-hole
pair can be estimated from Coulomb’s law and shows to be higher than the thermal energy
at room temperature. For this reason, the excitation by light absorption does not lead
to freely movable charge carriers in organic solids but to Frenkel excitons whereas these
uncharged excited states reveal diffusion lengths of only several nanometers. Nonetheless,
by applying an electrical field the distance between positive (defect electrons / holes) and
negative charges (electrons) can be increased until the thermal energy exceeds the remain-
ing Coulomb attraction and the exciton is splitted into freely movable charge carriers. The
necessary distance is thereby specified as Coulomb radius being equal to about 20 nm or
30 lattice constants in organic crystals.[85, 89] Furthermore, after generating freely movable
charge carriers the applied electric field will lead to an attraction of the charge carriers
with opposite polarity what is in particular used in OFETs to form the conductive channel
at the interface of semiconductor and dielectric.
Another substantial difference to inorganic semiconductors is that the present intermolecu-
lar interactions in polymeric semiconductors, mainly van der Waals’ interactions (Keesom
force: dipole-dipole, Debye force: dipole-induced dipole and London dispersion forces:
induced dipole-induced dipole) and hydrogen bonds, are relatively weak.[90] This leads in
combination with the conformational freedom to the formation of a complex microstruc-
ture with significantly higher structural and energetic disorder in the organic solid and,
therefore, the electronic wave function is localized on a finite sector rather than being
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extended over the entire solid.[20] For this reason, even though charge carriers can move
quite fast along the polymer backbone their mobility is restricted by trapping states and
grain boundaries. To overcome chain ends, localized states and grain boundaries charge
carriers have to switch to another chain to continue their movement. Thus, the charge
carrier mobility is strongly depending on the ease of this process which is referred to as
hopping transport.
In conclusion, these differences and limitations in general cause lower charge carrier mobili-
ties compared to established inorganic semiconductor crystals for current high-performance
microelectronic applications. However, the enormous efforts of scientists to understand
the interplay between polymer architecture, optoelectronic properties, microstructure and
charge transport has yielded semiconducting polymers with substantially improved charge
carrier mobility values. Approaches thereby focused mainly on tuning HOMO and LUMO
energy levels and increasing the degree of ordering of the polymer chains in the thin
film state by structural modifications. In contrary to that, theoretical and experimental
investigations recently demonstrated that minimizing conformational and, thus, energetic
disorder in combination with high molecular weights and close short-range pi-pi-stacking are
the key factors for high charge carrier mobilities in semiconducting polymers.[91–94] In this
context, the design of semiconducting polymers should focus on extended and coplanar
repeating units with a minimal number of linkages being susceptible to torsion.[95–97]
Especially, so-called donor-acceptor copolymers showed to be less sensitive to conforma-
tional disorder.[98] To elucidate key achievements in this research field a compact summary
covering some of the most important semiconducting polymers developed for organic
transistors will be presented in the following section.
1.3.2 The Evolution of Polymer Structure and Charge Carrier
Mobility
Nowadays, semiconducting polymers (SCPs) in general consist of a pi-conjugated back-
bone functionalized with solubilizing side chains to ensure appropriate solubility for the
processing of the material. However, the classic SCP, polyacetylene (PA), and the first
generation of SCPs revealed low solubiliy due to the absence of side chains. Important
representatives are poly(p-phenylene) (PPP), poly(p-phenylene vinylene) (PPV), polythio-
phene (PT), polypyrrole (PPy), polyaniline (PANI) and poly(ethylene dioxythiophene)
(PEDOT) (Figure 1.11). These polymers can be synthesized by various techniques compris-
ing Ziegler-Natta polymerization, ring-opening metathesis polymerizations and oxidative
polymerizations, as well as step-growth procedures (in case of PPV), such as Knoevenagel
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condensation or palladium-catalyzed Heck coupling. Especially, electrical conductivity
upon doping was studied on these early representatives as indicated in the previous section
(Chapter 1.2.3).[7, 99]
Figure 1.11: Molecular structures of important representatives of the first semiconducting
polymers.
Further developments focused on equipping PPV and PT with solubilizing side chains
what led to well processible SCPs. Resulting poly(2,5-dialkoxy-p-phenylene vinylene)s
(RR’-PPVs), e.g. poly[2-methoxy-5-(2-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV),
and, moreover, poly(3-alkyllthiophene)s (P3ATs), in particular poly(3-hexylthiophene)
(P3HT), became the most studied materials in this area (Figure 1.12).
Figure 1.12: Molecular structures of alkylated PPVs and PTs and their most important
representatives MEH-PPV and P3HT.
The improved solubility afforded a more controlled synthesis leading to less structural
defects and higher molecular weights what subsequently resulted in higher degrees of order
in the thin-film state presenting a semicrystalline lamellar structure.[100] Consequently, the p-
type charge carrier mobility of polythiophenes increased by about one order of magnitude to
≈ 10-4 cm2/Vs.[101] In the following, the development of the nickel-catalyzed controlled chain-
growth polymerization, Kumada catalyst-transfer polycondensation (KCTP),[102] allowed
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regioregularities exceeding 98%[103] what further improved the thin-film microstructure
and, thus, raised mobility values to 0.015 - 0.045 cm2/Vs.[104] Optimizing polymerization
and processing conditions resulted in extended domains with better interconnectivity
which finally enabled hole mobilities of 0.1 cm2/Vs and higher, as exemplarily reported
in 1998.[105,106] X-ray diffraction measurements thereby revealed a predominant edge-on
orientation of the polymer chains with the lamellar stacking perpendicular to the surface.
To promote this beneficial ordering protocols were developed to modify the surface with
a hydrophobic self-assembled monolayer.[101] However, great pi-electron richness in pi-con-
jugated polymers such as P3HT leads to relatively high-lying HOMO energy levels and,
thus, to a facile oxidation (p-doping) by air and other electron acceptors. This constitutes
a serious problem for OFET performance, reproducibility and ambient device stability as
p-doping increases the charge density and, thus, degrades the current modulation ratio
(Ion/Ioff) as well as positively shifts the threshold voltage.[104,107,108] Approaches to increase
the oxidative stability by lowering the HOMO energy from -4.8 eV (P3HT) into a range of
-5.0 eV to -5.5 eV[19] focus on decreasing the pi-electron density and delocalization. Favorable
design strategies thereby comprise reducing the number of electron donating atoms or
substituents (such as solubilizing alkyl chains) and the introduction of electron-withdrawing
substituents, comonomers, or cross-conjugated units.[101,109]
Figure 1.13: Chemical structures of electron-rich polythiophenes with enlarged repeating units
and partly fused thiophene rings.
Based on these considerations new solution-processible polythiophenes were developed
(Figure 1.13). Ong et al. discussed regioregular polyquarterthiophenes (PQTs) in 2004
forming highly ordered microstructures and exhibiting high current modulation ratios
(>107) as well as mobilities up to 0.14 cm2/Vs under ambient conditions.[110] In 2005/2006
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poly(2,5-bis(3-alkylthiophen-2-yl)thieno-[3,2-b]thiophene)s (PBTTTs) with reduced pi-
electron delocalization were introduced by McCulloch et al. and revealed excellent OFET
performance with mobilities in the range of 0.2 - 0.6 cm2/Vs which could further be increased
to exceptional high 1.0 cm2/Vs.[109,111,112] Additionally, Ong et al.[113] and Malliaras et
al.[114,115] reported about ambient stable polythiophenes with further enlarged structural
units of fused thiophene rings such as PBTDTs and P2TDCRFTxs and achieved OFET
mobilites of about 0.01 cm2/Vs and 0.33 cm2/Vs, respectively.
Figure 1.14: Chemical structures of thiophene-based copolymers with electron-deficient
comonomer units.
On the other hand, introducing relatively electron-deficient comonomers into the poly-
thiophene structure also successfully afforded high mobility SCPs (Figure 1.14). Due
to the design strategy of combining different comonomers rather than homopolymer-
izing one monomer, palladium-catalyzed Stille and Suzuki coupling polycondensations
have become the most important polymerization techniques. For instance, one of the
first ambient stable polymer was the alternating copolymer of alkylated fluorene and
bithiophene F8T2 demonstrating mobilities of 0.01 - 0.02 cm2/Vs upon optimization of
the fabrication conditions in 2000.[116] Later, McCullough et al. presented a novel series
of N -alkyldithieno[3,2-b:2’,3’-d]pyrrole-(DTP)-based copolymers whereas the PBTDTPs
are structural analogs to more electron-rich PBTDTs.[117] In comparison, the obtained
OFET mobilities with an average value of 0.13 cm2/Vs were significantly higher by approx-
imately one order of magnitude. The incorporation of fused naphthodithiophene units into
polythiophenes was presented by Takimiya et al. leading to PNDTBT with high charge
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carrier mobilities exceeding 0.5 cm2/Vs.[118] More advanced SCPs were developed in the
following based on combining more complex comonomers of different electron richness
leading to the term donor-(D)-acceptor-(A) polymers. For instance, in 2009 Watson et al.
reported on the alternating copolymer PhBTR which is based on phthalimide as acceptor
and 3,3’-dialkoxy-2,2’-bithiophene as donor moiety. The electrical OFET characterization
revealed current modulation ratios of 104 - 105 and maximum hole mobility values of about
0.28 cm2/Vs.[119]
The organic transistors fabricated with the presented SCPs demonstrate efficient p-channel
operation while n-channel operation only affords very low currents, if measurable. This
originates on the one hand from a larger energy mismatch between the Fermi energy
level of the electrode material and the LUMO energy of the SCP, in comparison to the
HOMO energy. As described in the previous section (Chapter 1.2.3), gold is one of the
most commonly used electrode materials whereas its work function of around -5 eV usually
allows much smaller injection barriers for holes (EHOMO≈ -4.5 eV to -5.5 eV) than electrons
(ELUMO≈ -2.5 eV to -4.4 eV). Additionally, electrons are much more sensitive towards
trapping in localized states, for instance at the semiconductor/dielectric interface, grain
boundaries or by material defects in the semiconductor caused by oxygen or water.[20]
Consequently, OFETs were fabricated and investigated under inert atmosphere to gain
more insight into the n-type charge transport properties of the material. However, since
complementary circuits based on both, p- and n-channel FETs, are very advantageous key
structures in microelectronics various research groups have simultaneously focused on the
development of ambient stable n-type SCPs.
Figure 1.15 shows a collection of some of the most important electron-transporting
SCPs presenting unipolar n-type characteristics under certain conditions. In 2002 Ba-
bel and Jenekhe reported one of the first high mobility n-type polymers, the ladder
polymer poly(benzobisimidazobenzophenanthroline) (BBL), which exhibited electron mo-
bilities as high as 0.1 cm2/Vs for OFETs operating under ambient conditions.[120,121] Zhan
and Marder et al. introduced the first perylene diimide-(PDI)-based conjugated D-A
copolymer P(PDI2DT-DTT) in 2007 which demonstrated electron mobilities of about
0.01 cm2/Vs in BGTC-OFETs and 0.06 cm2/Vs in TGBC-OFETs upon optimizing fabrica-
tion conditions.[122,123] That PDI possesses remarkable n-type transport properties even
without being implemented in an alternating D-A copolymer was revealed by Hüttner et al.
on year later. In the synthesized nonconjugated poly(perylene diimide acrylate) (PPerAcr)
and polystyrene-block-poly(perylene diimide acrylate) (PS-b-PPerAcr) PDI units occur
only as pendant groups. However, both polymers showed unexpected electron mobilities of
about 0.001 cm2/Vs pointing out favorable ordering and pi-pi-interactions in the polymeric
material originating from the PDI units.[124] A series of n-type SCPs that has received
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much attention is based on the structurally related naphthalene diimide (NDI) acceptor
unit and various donor moieties. In comparison with PDI analogs they presented higher
electron mobilities and ambient stability (ELUMO ≈ -4.0 eV).[125]
Figure 1.15: Molecular structures of representative electron-transporting SCPs.
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In 2009, outstanding OFET performance, processibility and stability was reported by
Facchetti et al. for the synthesized poly[N,N’-bis(2-octyldodecyl)naphthalene-1,4,5,8-
bis(dicarboximide)-2,6-diyl-alt-5,5’-(2,2’-bithiophene)] (Figure 1.15 : P(NDI2OD-T2), also
refered to as Polyera ActivInk N2200. TGBC-OFETs were successfully fabricated by
applying different deposition techniques, such as spin-coating, gravure printing and inkjet
printing in combination with using not only on rigid glass substrates but also flexible PET.
[126] Record electron mobilities of 0.85 cm2/Vs could be obtained still being among the
best reported values for unipolar n-type transport to date.
Consequently, many NDI-based D-A copolymers were developed in the following years
recently leading to novel P(NDI-TVT)s which were simultaneously developed by Chen et
al.[127] and Kim et al.[128] in 2013. Remarkably high electron mobilities of about 1.8 cm2/Vs
were reported while also exhibiting excellent current modulation ratios of up to 106 and
high ambient stability.
Another recent n-type SCP with very high electron mobilities exceeding 1.0 cm2/Vs was
designed by Lei, Pei and coworkers. Inspired by the classic PPV, they synthesized
the electron-deficient benzodifurandione-based BDPPV being modified with electron-
withdrawing lactone and lactame units as well as solubilizing alkyl chains (Figure 1.15).
Fabricated TGBC-OFETs revealed electron mobilities of up to 1.1 cm2/Vs and good
ambient stability over a period of 30 days.
As in case of n-type materials, the benchmark mobility value of 1.0 cm2/Vs could also
be broken by hole-transporting materials. Besides optimizing the molecular weight and
processing conditions, structural modification concepts successfully leading to new record
values mainly comprised, first, the combination of suitable donor and acceptor units to
tune the optoelectronic properties, especially the position of HOMO and LUMO energy
levels, second, increasing the coplanarity of the polymer backbone by installing attractive
interactions or removing interfering repulsions and, third, side-chain engineering focussing
on optimizing the branching point within the alkyl side chains.[92, 93,101,129,130] In conclusion,
these approaches led to novel SCPs with reduced conformational and, thus, energetic
disorder as well as favorable short pi-pi-stacking distances and higher degrees of long-range
ordering in the thin-film state. Additionally, the adjustment of donor and acceptor units
resulted in lowering the band gap energy and, moreover, afforded HOMO and LUMO
energy levels allowing ambipolar transport. Some of the most important SCPs with charge
carrier mobilities significantly exceeding 1.0 cm2/Vs are listed in Figure 1.16 and, later, in
Figure 1.17.
Already in 2007, Müllen et al. introduced the donor-acceptor copolymer CDT-BTZ-C16
with a relatively simple structure consisting of a cyclopentadithiophene (CDT) donor and
benzothiadiazole (BTZ) acceptor unit. Upon optimization of processing conditions and,
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especially, molecular weight of CDT-BTZ-C16, the initially determined hole mobility could
be raised from 0.17 cm2/Vs to about 3.3 cm2/Vs.
Figure 1.16: Molecular structures of D-A SCPs with charge carrier mobilites substantially
exceeding 1.0 cm2/Vs.
Increasing the molecular weight of CDT-BTZ-C16 clearly afforded higher degrees of
ordering in thin films what was assessed to be the reason for the remarkable improvement
in mobility.[131,132] Furthermore, in 2016, Müllen, Takeya and coworkers demonstrated an
advanced OFET fabrication protocol comprising the use of ionic liquids, film compressing
and transfer techniques as well as incorporating a dopant layer what led to a further
increase of the mobility of CDT-BTZ-C16 to 5.6 cm2/Vs. Moreover, elongating the side
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chains by four CH2 groups was found to allow a more controlled aggregation in solution
affording a microstructure with larger fibers. Consequently, charge transport was positively
influenced and CDT-BTZ-C20-based OFETs exhibited outstanding mobilities as high as
11.4 cm2/Vs.[133]
In 2010, McCulloch et al. presented an alternating D-A SCP based on indacenodithiophene
(ID) and benzothiadiazole (BTZ) which corresponds to a further development of CDT-BTZ-
C16 (Figure 1.16).[134] In TGBC-OFETs ID-BTZ achieved mobility values of 1.0 cm2/Vs
which could be improved to about 3.6 cm2/Vs in 2013 by, again, optimizing the molecular
weight.[97] Remarkably, the high performance of ID-BTZ could not be correlated with
extensive long-range order which is why DeLongchamp, McCulloch, Sirringhaus et al.
identified backbone rigidity and resistant coplanarity in combination with occasionally
occurring short pi-pi-stacking to enable efficient charge transport.
One of the most intensively investigated series of SCPs incorporates the diketopyrrolo[3,4-
c]pyrrole (DPP) unit as acceptor moiety. The observed high ambipolar transport in
the corresponding D-A polymers was attributed to a favorable electronic structure, well-
situated HOMO and LUMO energy levels and strong interchain interactions due to the
high degree of coplanarity and dipolar nature of the repeating unit. In agreement with
studies on CDT-BTZ-Cx and ID-BTZ, increasing the molecular weight also led to higher
charge carrier mobilities what was especially reported by Ong et al. in 2012 for a DPP
copolymer comprising thieno[3,2-b]thiophene (TT) as donor unit (Figure 1.16). BGBC-
OFETs prepared with P(DPP2ODT2-TT) on surface-modified silicon dioxide as dielectric
revealed excellent mobilities up to 10.5 cm2/Vs, high current modulation ratios (106-108)
and long-term ambient stability.[53]
Further structural modifications of the polymer backbone focused on varying the aromatic
units originating from the comonomer or directly flanking the DPP core. Thereby,
extending the comonomer unit required attaching additional solubilizing alkyl chains as
discussed for P(DPP2ODT2-TzBT12) which afforded hole mobilities of up to 3.43 cm2/Vs
in BGTC-OFETs (Figure 1.16).[101,135]
As shown by Li et al. in 2014,[136] varying the aromatic units directly adjacent to the
DPP unit can afford balanced ambipolar characteristics and changed polarity of the
favored charge carriers. Here, replacing thiophene by pyridine units substantially reduced
the LUMO energy in P(DPP2ODPy2-T2) (Figure 1.16) and allowed efficient ambipolar
transport in TGBC-OFETs, exhibiting hole mobilities of about 2.78 cm2/Vs and even
higher electron mobilities of about 6.30 cm2/Vs.
Increasing the number of nitrogen atoms within the acceptor unit was also applied by
Heeger, Wudl and coworkers to develop the more polythiophene-based PBBTQT (Figure
1.16).[137] Due to the strong interchain interactions, high-order orientation in thin films
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with a very short pi-pi-stacking distance of about 3.5Å was observed what further resulted
in hole mobilities up to 2.5 cm2/Vs.
Besides modifications along the main chain, side-chain engineering turned out to offer
enormous potential to further improve the microstructural order, to reduce the pi-pi-stacking
distance and, thus, to increase the charge carrier mobility. Some important examples
where this concept was successfully applied are illustrated in Figure 1.17.
Figure 1.17: Molecular structures of more modified D-A SCPs with charge carrier mobilites
substantially exceeding 1.0 cm2/Vs.
In 2013, Kim et al. introduced a new series of DPP-based SCPs, P(DPPYT2-TVT/SeVSe-
H)s, incorporating dithienylvinylene (TVT) (X=S) or the related diselenophenylvinylene
(SeVSe) (X=Se) in combination with shifted branching points in the alkyl side chain
by one (y=1) or six carbon atoms (y=6).[138] Shifting the branching point outwards
resulted in significantly increased ordering in thin films with up to four orders of diffraction
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peaks and closer pi-pi-stacking distances (>3.70Å vs. 3.58Å) what, consequently, improved
the charge transport. In this way, outstanding hole mobilities as high as 10.54 cm2/Vs
and 12.04 cm2/Vs were obtained for transistors fabricated with P(DPP6T2-TVT-H) and
P(DPP6T2-SeVSe-H), respectively. Recently, Wang et al. reported that besides a shifting
of the alkyl branching point the attachment of fluorine atoms to the TVT unit also enables
improved transport characteristics.[139] Due to the strong electron-withdrawing effect of the
fluorine atoms, HOMO and LUMO energies in P(DPP1T2-TVT-F) (Z=F, X=S, y=1)
were lowered by about 0.2 eV what afforded ambipolar charge transport in BGTC-OFETs
with hole and electron mobilities up to 3.40 cm2/Vs and 5.86 cm2/Vs, respectively (Figure
1.17). Remarkably, this SCP was synthesized by direct arylation polycondensation in
high molecular weights whereas the fluorine atoms supported the coupling reaction due to
inducing larger polarity into the α-C-H bond of the corresponding TVT-F comonomer.
Another series of SCPs where the use of selenophene and modified side chains allowed
very efficient ambipolar charge transport was published by Yang, Oh and coworkers in
2012/2013.[140,141] The best performing polymer, P(DPP5SiT2-Se), showed a high degree of
ordering, close chain packing and mobilities for holes and electrons as high as 8.84 cm2/Vs
and 4.34 cm2/Vs, respectively (Figure 1.17). Due to the polar side-chain end groups the
polymers exhibited good wettability on hydrophobic surfaces what makes them promising
for processing via printing techniques and in combination with flexible substrates consisting
of polymers with polar backbones, such as the common PET.
Besides DPP, isoindigo (II) also constituted a fundamental structural unit for high-
performance and air-stable SCPs. In 2012, Pei et al. presented a series of II-based SCPs,
P(CH-IIDD-T2-Cy)s, incorporating 2,2’-bithiophene (T2) donor units and varying side
chains (Figure 1.17). The latter is expressed by y ranging from one to four what indicates
the number of carbon atoms between the backbone and the side-chain branching point.[142]
A high degree of microstructural order with up to five orders of diffraction signals in lamel-
lar direction and a conducive electronic structure provided a favorable platform for charge
transport in BGTC-OFETs exhibiting hole mobilities up to 3.62 cm2/Vs. In 2016, Yu et
al. further developed Pei’s copolymers by combining both, the substitution of an aromatic
CH unit by a nitrogen atom and side-chain engineering.[143] In this way they introduced
a series of diazaisoindigo-based SCPs, P(N-IIDD-T2-Cy)s, whereas the copolymer with
the more outward shifted alkyl branching point revealed better microstructural order and
charge transport properties (Figure 1.17). Fabricated BGBC-OFETs demonstrated hole
mobilities as high as 7.28 cm2/Vs.
Besides new side-chain architectures, Cheng, Hsu and coworkers very recently reported
a novel promising building block for SCPs comprising fused selenophene and naphtha-
lene units.[144] In combination with an advanced BTZ-based comonomer the copolymer
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PaNDSDTFBT was synthesized exhibiting high hole mobilities up to 3.77 cm2/Vs in
BGTC-OFETs operating under ambient conditions (Figure 1.17).
In conclusion, particularly over the past two decades, the enormous efforts focusing on
improving the charge carrier mobility of SCPs have resulted in a very large structural
variety, as indicated by the discussed selection of representatives. However, key design
concepts enabling high charge carrier mobilities were identified and mainly comprise, first,
adjusting the energy levels of the frontier molecular orbitals by combining appropriate
donor and acceptor comonomers, second, minimizing conformational and, thus, electronic
disorder along the polymer backbone by ensuring high degrees of coplanarity and rigidity
and, finally, enabling short pi-pi-stacking distances, by for instance side-chain engineering, to
facilitate the hopping transport. Extensive long-range ordering in thin films enhances the
charge carrier mobility but showed to be not necessarily decisive in every case for achieving
efficient charge transport. Furthermore, increasing the molecular weight showed to be
advantageous for achieving high charge carrier mobilities subject to a suitable adaptation
of the processing conditions.
In this context, the application of techniques for fabricating highly oriented thin films
will play an important role in the future as it provides enormous potential for further
improving the charge transport. A very outstanding publication of Nguyen, Bazan, Heeger
and coworkers thereby presented that oriented chain alignment can dramatically increase
the charge carrier mobility by about one order of magnitude to maximum values for the
hole transport as high as 23.7 cm2/Vs (Figure 1.18).[145] Additionally, the authors also
showed that due to the oriented chain alignment very high molecular weights are not
necessary for achieving high charge carrier mobilities.
Figure 1.18: Molecular structure of PCDTPT showing maximum hole mobilities of up to
23.7 cm2/Vs upon oriented chain alignment at moderate molecular weights of Mn≈ 50.0 kg/mol.
At the end of this subchapter it has to be noted that especially because of the changed
charge transport physics and dependencies in organic solids compared to inorganic crystals,
output and transfer characteristics can substantially differ from the ideal shapes compli-
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cating the precise determination of the charge carrier mobility. In this context, very recent
high-impact publications by Gundlach et al. in Nature Communications[146] and by Takeya
et al. in Advanced Materials[147] very clearly pointed out the overestimation of the mobility
of several p-type polymers by about one order of magnitude due to the appearance of a
strong nonlinearity in the transfer curves caused by a VGS-dependent contact resistance. To
resolve this immense problem and to allow the accurate measurement of device parameters,
the authors proposed as well as demonstrated more reliable and robust experimental and
analytic methods. In addition to that, a variety of more experimental parameters such
as material combination, processing conditions, device geometries and characterization
metrics, influence the determination of the charge carrier mobility in OFETs. For this
reason, Reichmanis and colleagues published guidelines for reporting the OFET device
performance in order to enhance reliability, comparability and reproducibility.[148]
To conclude, decisive progress has been achieved in the transistor performance of semi-
conducting polymers, especially, within the last five years due to a better understanding
of charge transport in the organic solid. Highest reliable mobilities thereby easily match
or even exceed the values for amorphous silicon (1-10 cm2/Vs)[149] and, therefore, fulfil
a major requirement for transistors to drive OLEDs.[101] Thus, the continuing combined
research efforts of synthetic chemists, physicists and device engineers will further improve
the performance of organic electronic devices what is highly assessed to enable the next
generation of consumer electronics.
1.4 Synthesis of pi-Conjugated Polymers
The groundbreaking discovery of electrical conductivity in plastic materials, hitherto
known to have only insulating properties, was achieved in 1976 using films of polyacetylene.
The crucial structural feature in this polymer was the alternation of carbon-carbon single
and double bonds along the polymer backbone, referred to as pi-conjugation, which was
synthetically realized by polymerizing acetylene in the presence of a Ziegler-Natta catalyst
(Ti(OBu)4/Et3Al).[5, 6] Due to uniquely combining the properties of inorganic electrical
conductors and plastic materials, pi-conjugated polymers have become one of the most
intensively investigated polymer classes up to date. Thereby, the purposeful development
of more advanced polymers with increasing structural complexity and exactness was
inevitably accompanied by exploring new polymerization reactions. Some of the most
important and commonly used synthetic methods will therefore be briefly presented in
this section.
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1.4.1 Oxidative Polymerizations
In 1979, oxidative electropolymerization showed to be a successful way to produce highly
conducting and homogeneous free-standing films of polypyrrole.[150] For this reason, elec-
tropolymerization was further applied to successfully synthesize, among others, poly-
thiophenes, polyfurans, polyindoles, polypyrenes, polybenzenes, and polyanilines.[151]
Exemplary for five-membered heterocycles, Figure 1.19 illustrates the three fundamental
steps for the mechanism of C-C bond formation occurring during electropolymerization
upon applying an anodic potential (Epa).[151,152] Thereby, the initially formed monomer
radical shows largest unpaired electron density in α-position (green). After the following
C-C bond formation, the dicationic species stabilizes by releasing two protons. Finally,
repeating the individual steps will afford the polymeric material. A main drawback of
electropolymerizations is the required optimization of reaction conditions, including solvent,
electrolyte, applied potential, temperature and pH value as examples, to obtain the desired
morphology and electrical properties. Furthermore, the occurrence of β-couplings and
other side reactions cause detrimental structural defects.
Figure 1.19: Fundamental steps of electrochemical C-C bond formation for five-membered
heterocycles upon applying an anodic potential (Epa).
As the chemical synthesis is the most adequate method to prepare defined molecular
structures oxidative polymerizations were developed using oxidizing agents in solution.
Thereby, the fundamental steps as presented for electropolymerization (Figure 1.19)
take place in the same way. Oxidative solution polymerizations led to important pi-
conjugated polymers used as electrode materials including PEDOT:PSS, PANI and PPy
(Chapter 1.2.3). To remedy the insolubility of unfunctionalized pi-conjugated polymers,
monomers with solubilizing side groups were synthesized and further used for oxidative
polymerizations. Besides iron(III) p-toluenesulfonate Fe(OTs)3, sodium persulfate Na2S2O8
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and other examples, many studies reported on the synthesis of polypyrroles, polyfurans
and polythiophenes in the presence of iron(III) chloride FeCl3.[153]
Figure 1.20: Examples for the synthesis of soluble polypyrroles and polythiophenes by oxidative
polymerizations in the presence of FeCl3.
The two chosen examples thereby indicate that FeCl3 is used in large excess or in sube-
quimolar amounts if an appropriate in situ reoxidation method of intermediately formed
Fe(II) is applied (Figure 1.20).[153–157] Remarkably, in this way many polymers could be
synthesized under mild conditions at room temperature. Nonetheless, as indicated in the
reaction schemes , the procedure reveals not being able to control the orientation of the
side chains, regioregularity, to a very high extent. For instance, although reaction condi-
tions, such as concentration, temperature and reaction time, were intensively optimized
regioregularity only reached 88% for P3HT as demonstrated by Amou and coworkers.[156]
However, this drawback lost its relevance when using symmetric monomers (Figure 1.21).
Figure 1.21: Molecular structures of symmetric thiophene- or furan-based monomers used in
oxidative polymerizations in the presence of FeCl3.
In conclusion, oxidative polymerizations at electrode surfaces or in solutions were widely
used during the early stages of the research field about pi-conjugated polymers and afforded
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very important representatives of this class of materials. Importantly, the resulting
polymers are overoxidized and, therefore, exhibit electrical conductivity what is desired
if it is intended to use the material as electrical conductor. However, pi-conjugated
polymers in general are most attractive due to their semiconducting properties in the
neutral state. Dedoping is possible but laborious and provides possibilities for material
contaminations.[158] Thus, the less control about regioregularity, originating from the radical
nature of the coupling reaction, and overoxidation are crucial points to be considered when
using oxidative polymerizations for pi-conjugated polymers and were decisive reasons to
develop advanced polymerization techniques for the aryl C-C bond formation.
1.4.2 Transition Metal-Catalyzed Step-Growth Polycondensations
The discovery of transition metal-catalyzed cross-coupling reactions for the straightforward
C-C bond formation in organic synthesis has had an outstanding impact on the preparation
of organic compounds in academia and industry what was consequently honored by the
Nobel Prize in Chemistry in 2010 awarded to Richard Heck, Ei-ichi Negishi and Akira
Suzuki.[159] The application of this methodology to bifunctionalized molecules resulted
in step-growth polycondensation reactions, nowadays being the most commonly used
procedure for the preparation of pi-conjugated polymers. Nickel- and palladium-based
compounds mainly catalyze these cross-couplings enabling the aryl C-C bond formation
between a nucleophilic organometallic and an electrophilic aromatic compound, R’-Y
and R-X, respectively. As schematically illustrated in Figure 1.22, the mechanism of
the catalytic cycle in general comprises the oxidative addition of the metal(0) species
M(0)Ln, with Ln indicating present ligands, into the C-X bond of the aromatic electrophile
R-X, transmetalation with a main group organometallic nucleophile R’-Y and, finally, the
reductive elimination yielding the product R-R’ with the newly formed C-C bond and
the regenerated catalyst M(0)Ln. Due to the developed large variety of possible reaction
partners different types of cross-coupling reactions are distinguished whereas some of
the most important examples applied for the synthesis of pi-conjugated polymers will be
presented in the following.
Probably the most commonly used cross-coupling polycondensation to date is based on
dihalides and distannyl compounds, referred to as Stille coupling polycondensation. To
underline this, except CDT-BTZ-Cx and P(DPP1T2-TVT-F) all other current high mo-
bility polymers in Figure 1.16, 1.17 and 1.18 were synthesized by this method. Besides
these recent examples, Loewe and McCullough already reported about the use of Stille
coupling polycondensations in 2000. In their work, the authors copolymerized the vinyl-
bridged bromothiophene TVTC12-Br2 and trans-1,2-bistributylstannylethene to obtain
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Figure 1.22: Schematic illustration of the general mechanism of nickel/palladium catalyzed
cross couplings.
P(TVTC12-V) what additionally demonstrates that also accordingly functionalized vinyl
groups can be used as comonomers (Figure 1.23).[160] Commonly used catalysts comprise
tetrakis(triphenylphosphine)palladium(0) Pd(PPh3)4, bis(triphenylphosphine)palladium(II)
dichloride Pd(PPh3)2Cl2 and tris(dibenzylideneacetone)dipalladium(0) Pd2(dba)3 whereas
the latter is activated by the presence of ligands, mainly phosphines PR3.
Figure 1.23: Stille coupling polycondensation as performed by Loewe and McCullough in 2000.
Recently, Pd2(dba)3 has become widely used in combination with tri-o-tolylphosphine and
presented high reactivity and coupling efficiency.[53] By the electron-donating strength
and bulkiness of the R groups the reactivity can be controlled. High electron donicity
thereby enhances the reaction rate of the oxidative addition. In contrast, substantially
electron-withdrawing are favorable for transmetalation and reductive elimination. Finally,
moderately electron-withdrawing groups showed to enhance the overall reaction rate
indicating that the rate-determining step is the transmetalation.[161] Facile feasibility,
commercial availability of suitable distannyl comonomers and the high coupling efficiency
make Stille coupling polycondensations favorable. On the other hand, the high toxicity
of tin compounds is problematic, especially regarding an industrial mass production.
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Furthermore, due to the sensitivity of the carbon-tin bond towards hydrolysis, strongly
electron-deficient molecules tend to decompose upon stannylation and, thus, cannot be
used for Stille coupling polycondensations.
Suzuki-Miyaura couplings bypass the mentioned drawbacks of Stille couplings by using
bisboronic acid functionalized monomers instead of the distannyl analogs but also show
disadvantages such as higher sensitivity towards oxygen and relatively decreased coupling
efficiencies.[162] An important example is the high mobility CDT-BTZ-Cx where the electron
deficient BTZ unit was reacted as diboronic acid comonomer with the dibromide CDT-Br2
(Figure 1.24).
Figure 1.24: Suzuki-Miyaura coupling polycondensation for the synthesis of high mobility
CDT-BTZ.
In addition to the required catalyst, for instance Pd(PPh3)4, Suzuki couplings occur
in the presence of an inorganic base, small amounts of water and, therefore, phase
transfer catalysts. Even though small amounts of water are used, Suzuki couplings tend
to be more sensitive towards oxygen which is why degassing of the reaction solution
is recommended.[162] For this purpose, so called freeze-pump-thaw cycles thereby show
the highest efficiency. Besides functionalized aromatic units or double bonds, ethynyl
derivatives can also serve as coupling partners in combination with dihalides. So-called
Sonogashira couplings allow the bond formation between sp- and sp2-hybridized carbon
atoms in the presence of a palladium catalyst, copper(I) halide co-catalyst, most usually
CuI, and an organic base, such as triethylamine or piperidine. Thereby, the co-catalyst
forms an additional catalytic cycle in situ activating the ethynyl derivative under the
influence of the base what is required for the transmetalation step, connecting both cycles
(Figure 1.25). As an example, Epstein et al. intensively utilized Sonogashira couplings for
synthesizing a series of light-emitting poly(aryleneethynylene)s on the basis of fluorene
functionalized with ethynyl groups FE and various dihalides such as thiophene T, carbazole
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Figure 1.25: Schematic mechanism of Sonogashira coupling reactions consisting of the palladium
cycle (roughly indicated) and the copper co-catalyst cycle with X representing halides, R1 aryl
and alk(en)yl groups, R2 aryl and alkenyl groups and NR3 suitable nitrogen bases such as
triethylamine or pyridine for instance.
CbC6 or benzene PhOC6 derivatives (Figure 1.26).[163] Again the air-sensitive Pd(PPh3)4
has very frequently been used as catalyst. However, further developments show the use of
more stable catalysts.[164]
Figure 1.26: Sonogashira coupling polycondensations performed by Epstein and coworkers[163]
for the synthesis of poly(aryleneethynylene)s.
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In contrast to all above discussed palladium catalyzed cross couplings, the Heck reaction
does not require any organometallic coupling partners and allows the C-C bond formation
between vinyl derivatives and aromatic halides in the presence of an amine base under
mild conditions, comparably fast and in high yields.[165] It was especially used for the
synthesis of various PPV-based pi-conjugated polymers incorporating non-linear optical
chromophores, metalloporphyrin, ionic transition-metal complexes, dendritic structures and
many more.[165–167] At the beginning, the synthesis of soluble PPVs was very important for
investigating material properties and further structural developments. Here, the synthesis
of some of the first soluble alkoxy-substituted PPVs, published by Yu and coworkers,
should be presented as example for Heck coupling polycondensations.[165] The authors
copolymerized various 1,4-dialkoxy-2,5-diiodobenzene (IBIOCn) and p-divinylbenzene
(VBV) in the presence of palladium(II) acetate, triethylamine and tri-o-tolylphosphine as
ligand and obtained the desired polymers within only three hours (Figure 1.27).
Figure 1.27: Example of Heck coupling polycondensations for the synthesis of the first soluble
alkoxy-substituted poly(p-phenylenevinylene)s.
As obvious from Heck coupling polycondensations, the direct coupling of aromatic dihalides
with unfunctionalized coupling partners presents a desirable and more atom-economical
strategy for the synthesis of pi-conjugated polymers. In order not to be limited to function-
alized divinyl derivatives, synthetic efforts led to the discovery of direct aryl C-H bond
activation for coupling reactions and, thus, paved the way for the development of the so-
called direct arylation polycondensation (DAP), also referred to as direct (hetero)arylation
polycondensation (DHAP).[168] In contrast to the presented mechanism (1.22), DAP fol-
lows a base-assisted concerted metalation-deprotonation pathway whereas carboxylate
or carbonate anions are involved in the deprotonation transition state occurring at the
catalytic metal center, typically palladium (Figure 1.28).
Besides, numerous heteroarenes and benzene-based molecules, thiophene derivatives appro-
priately functionalized with electron-donating and/or -withdrawing units especially showed
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high reactivity in direct arylation couplings.[168] As thiophene-based units are attractive
building blocks for pi-conjugated polymers, this chemistry was used and already capable of
affording high-performance SCPs with elevated molecular weights, such as high mobility
P(NDI2OD-T2)[12] (Figure 1.15), P(DPP1T2-TVT-F)[139] (Figure 1.17) and a derivative
of Müllens CDT-BTZ[131,132] (Figure 1.16) for which the DAP conditions are shown in
Figure 1.29.
Figure 1.28: Mechanism for the catalytic cycle of the direct arylation coupling in the presence
of a carboxylate additive exemplarily for the reaction between bromobenzene and thiophene.
After passing the transition state the ligand L can recoordinate to the palladium center (RC)
or the carboxylate can maintain its coordination (MC) what either leads to pathway 1 or 2,
respectively.[168]
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Furthermore, DAP can possibly provide access to SCPs which were not realizable before due
to the instability of respectively required organometallic monomers. Additional advantages
are the lower number of monomer preparation steps and, moreover, avoiding toxic waste
being very problematic for an industrial large-scale production. However, due to the
high sensitivity of the this coupling reaction, obtaining SCPs with suitable molecular
weights and structure necessitates very intensive optimizations of the reaction conditions
comprising the choice and amount of catalyst, phosphine ligand, carboxylate additives and
solvents, as well as temperature range and reaction time. Second, an important drawback
of DAPs is the lack of C-H bond selectivity which can lead to structural linking defects
along the main chain, branching and cross-linking.[168] Nonetheless, fine tuning of reaction
parameters, blocking possibly reactive positions by substituents or sterically demanding
groups, or the incorporation of directing units offer possibilities to suppress detrimental
side reaction.[168,169] In conclusion, optimizing DAP protocols and the further development
of the scope of usable monomers is assessed to highly probably enhance the attractiveness
for an industrial large-scale synthesis of SCPs, remarkably.
Figure 1.29: Direct arylation polycondensation used for the synthesis of CDTEH-BTZ by Horie
and coworkers.[170]
Besides the presented palladium catalyzed cross-coupling polycondensations, a last transi-
tion metal-catalyzed polycondensation to be listed here is the nickel catalyzed Yamamoto
coupling. This coupling reaction requires only one aromatic dihalogenide as monomer and
uses almost exclusively bis(1,5-cyclooctadiene)nickel(0) Ni(COD)2 in combination with
2,2’-bipyridine (bpy) to form the aryl C-C bonds under the occurring dehalogenation. For
example, the Yamamoto coupling of 4,4’-dialkyl-5,5’-dibromo-2,2’-bithiazoles (Tz2Cn-Br2)
resulted in reversibly n-dopable poly(alkylbithiazole)s P(Tz2Cn)s with a maximum doping
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capacity of one electron per repeating unit and were exceeding comparable p-doping levels
to this date (Figure 1.30).[171,172]
In conclusion, a large variety of transition metal-catalyzed polycondensations for different
types of coupling partners were developed which afforded high-performance semiconduct-
ing pi-conjugated polymers with electron and hole mobilities ranking among the highest
reported so far. These synthetic methods are capable of tolerating many other functional
groups within the comonomer units and are attractive due to the facile feasibility. How-
ever, they cannot ensure high degrees of regioregularity when asymmetrical monomers are
used. For this reason, chain-growth polymerizations were developed which will be briefly
introduced in the next section.
Figure 1.30: Yamamoto coupling polycondensation for the synthesis of n-dopable poly- (alkyl-
bithiazole)s.
1.4.3 Transition Metal-Catalyzed Chain-Growth Polycondensation
Although the term “chain-growth polycondensation” is very confusing with regard to
the standard classification of polymerization reactions, with polycondensations being
step-growth polymerizations, this naming was introduced due to originating from the
above presented polycondensations mechanism (Figure 1.22). Thus, all three fundamental
steps oxidative addition, transmetalation and reductive elimination are present in these
reactions. However, the crucial difference is that monomers of type X-Aryl-Y are used and
that the catalyst metal center is not leaving the molecule after the reductive elimination
but maintains coordinated by the donating pi-electron system of the growing polymer
backbone what leads to an intramolecular oxidative addition.
In 2004/2005 McCullough et al.[173,174] and Yokozawa et al.[175,176] reported about the
nickel catalyzed chain-growth Kumada catalyst-transfer polycondensation (KCTP) for
the synthesis of regioregular P3HT enabling narrow dispersity values of about 1.1 at
number-average molecular weights up to 28.7 kg/mol and control about the end groups.[177]
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This synthetic methodology was further applied to a variety of monomers, for instance
based on thiophene,[178] selenophene,[179] fluorene,[180] benzene[181] and pyrroles[182] as well
as allowed the synthesis of well-defined pi-conjugated block copolymers,[178,179,182] polymer
brushes[183] and microporous polymer architectures.[184] Highest structural perfection and
regioregularity thereby afforded the use of ex situ initiators as shown by Senkovskyy,
Kiriy and coworkers (Figure 1.31).[185,186] Ex situ initiators have aryl units which do not
provide reactive carbon-halogene bonds. For this reason, after the transmetalation and
reductive elimination the nickel center coordinated by the pi-system can only proceed
with an intramolecular oxidative addition into the thiophenic C-Br bond, as shown for
the synthesis of regioregular P3HT. Upon the conversion of the monomer the reaction is
quenched by strong acids to avoid chain combinations.
Figure 1.31: Kumada catalyst-transfer polycondensation for the synthesis of regioregular P3HT
additionally allowing to control the end groups, as indicated.
After the development of the KCTP many other chain-growth polycondensations were
investigated for a possible synthesis of pi-conjugated polymers based on, among others,
Suzuki, Heck or Negishi coupling reactions.[85, 187,188]
Besides these direct further developments, in 2011 a remarkable discovery was made by
Senkovskyy, Kiriy and coworkers who developed a chain-growth polymerization for the
n-type high mobility P(NDI2OD-T2) with relatively narrow polydispersities and control
about end groups and molecular weight (Figure 1.32).[189–191] The authors demonstrated
that activated zinc and the very electron-deficient brominated thiophene-NDI monomer
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NDI2ODT2-Br2 form an unusual anion-radical zinc(I) complex via a single-electron transfer
instead of a conventional organozinc compound by the insertion of zinc into the C-Br bond.
Despite the high polarity and large length of the monomer (about 1.4 nm),[189] upon activa-
tion it could be polymerized by nickel catalysts in a chain-growth manner whereas molecular
weight increased with increasing the monomer-catalyst feed ratio. In the following, the
same group could already expand the active-zinc polymerization (AZP) to the structurally
analogous perylene diimide-based monomer affording P(PDI2OD-T2) in the presence of a
palladium catalyst. [192] Further applications of the AZP are expected because it could
act as important method for realizing highly electron-deficient pi-conjugated polymers.
Furthermore, a main additional advantageous is the absence of toxic compounds and waste.
Figure 1.32: Active-zinc polymerization (AZP) of NDI2ODT2-Br2 consisting of a single-electron
transfer (SET) affording the active monomer followed by a chain-growth polymerization. AZP
allows end-group functionalization and control of molecular weights.[189]
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In conclusion, besides the very well-established polycondensation protocols which enable
limited control about the polymerization, chain-growth polymerizations complement the
synthetic tool box for organic polymer chemists in order to develop new semiconducting
polymers or defined polymer architectures with highest possible structural exactness and
regioregularity what revealed possibilities to further optimize material processing and
device performance.[96, 193–195]
1.5 Characterization of Semiconducting Polymers for
Application in OFETs
The basic characterization techniques for SCPs aimed to be used as semicondcting
layer in OFETs comprise structural, thermal, optical, electrochemical and morphologi-
cal/microstructural methods. Very common methods which were also mainly used in this
work should be briefly introduced in the following to present an overview without any
claims for completeness.
1.5.1 Structural Characterization Methods
To investigate the structure and composition of the obtained pi-conjugated polymer the
most important methods are nuclear magnetic resonance (NMR) spectroscopy, elemental
analysis (EA) and gel permeation chromatography (GPC), also referred to as size-exclusion
chromatography (SEC).
NMR spectroscopy is based on the magnetic properties of certain atomic nuclei, such as
1H, 13C, 15N, 17O, 19F and 31P, and the nuclear magnetic resonance. Proton (1H) NMR
spectroscopy in solution thereby is the most commonly used and important variant for
synthetic chemists. Applying an external magnetic field leads to the absorption and
re-emission of the electromagnetic radiation by the nuclei whereas the specific resonance
frequencies depends, among others, on the magnetic properties of the nuclei. As the
latter in turn is determined by the electronic structure and interactions with adjacent
atoms the molecular structure can be validated. Strong aggregation caused by intensive
intermolecular interactions and the reduced mobility of aromatic protons in pi-conjugated
polymers result in signal broadening, overlaps and low intensities. To counteract these
causes and, thus, to improve the quality of the NMR spectra 1H-NMR measurements are
performed at high temperatures (>100 °C) in suitable, often highly chlorinated solvents,
such as chlorinated 1,1,2,2-tetrachloroethane-d2.[12, 196] Subject to a good signal resolution,
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the resulting NMR spectra then provides information about the structure of the repeating
unit, possible linking defects, end groups and impurities. Additionally, by analyzing and
evaluating integral intensities of characteristic signals, for example end-group or block
specific signals, the degree of polymerization and the block-co-polymer composition is
accessible, too.[85, 197]
Elemental analysis is a method to determine the elemental composition of a material with
regard to the percentage of carbon, hydrogen, nitrogen and, for example, sulfur by most
commonly combustion analysis. After burning the sample in oxygen, analyzing the type
and mass of the respective combustion products leads to the experimentally determined
elemental composition which is further compared to the theoretical value to assess the
purity and to support the proclaimed polymer structure.
Gel permeation chromatography is mainly used to obtain information about the molecular
weights and molecular weight distribution of polymers whereas a dissolved polymer sample
is passed through a highly porous material causing the separation of the polymer chains
by their hydrodynamic radii. Thereby, the smaller the hydrodynamic radius of the specific
polymer chain is the deeper it will diffuse into the pores and, thus, the longer it will stay
in the column.[198] Afterwards SCPs are commonly detected by concentration dependent
detectors based on differences in the refractive index or UV-Vis absorption between analyte
and solvent. Finally, the retention time is relatively correlated to the molecular weight
based on a calibration with standards of known molecular weights. For this reason, this
method does not provide absolute values but necessary information for polymer chemists to
compare polymer batches and to evaluate the impact on the material processing and device
performance. With regard to the strong aggregation in SCPs, to ensure reproducibility
and comparability of obtained values for the molecular weight and dispersity, optimized
GPC conditions have started to prevail. Thereby, measurements are performed at a
fixed high temperature (e.g. 150 °C) enabled by the use of 1,2,4-trichlorobenzene as good
and high-boiling solvent. Importantly, the sample preparation additionally has to be
standardized comprising a dissolution time and preheating phase of in sum several hours,
as exemplarily reported by Karpov, Kiriy and coworkers.[199]
1.5.2 Thermal Characterization Methods
SCPs are investigated by thermogravimetric analysis (TGA) recording the weight change
of a sample while being heated under inert atmosphere. In this way, the thermal stability
is evaluated and the decomposition temperature, defined at 5% weight loss, is determined.
In general, recent high mobility SCPs show good thermal stability with decomposition
temperatures above 380 °C.
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Dynamic scanning calorimetry (DSC) is a method to detected which amount of heating
energy is required to increase the temperature of the sample as well as which amount
is released during the cooling. DSC measurements of SCPs are performed under inert
atmosphere to supress any oxidation reactions and aim at investigating phase transitions,
above all melting/crystallization of the polymer backbone. Thereby, the melting of the
polymer chain causes an endothermic peak in the DSC curve and the crystallization an
exothermic peak. By repeating heating and cooling cycles and by comparing the resulting
peak enthalpies the reproducibility of the process can be assessed. Since the pretreatment
of the sample influences the shape of the first heating cycle it is recommended to process
the second heating scan.
1.5.3 Optical Characterization Methods
In the research field of pi-conjugated polymers, usually UV-Vis absorption spectroscopy
is carried out to determine the optical band gap energy and absorption characteristics
of SCPs. Since the material is used as solid in electronic devices UV-Vis absorption
measurements are also performed in the solid state on thin films.
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Figure 1.33: Demonstration of determining the onset absorption wavelength from the absorption
edge to high wavelengths, exemplarily shown on a thin-film UV-Vis spectra of P(NDI2OD-Tz2).
Energetic transition for the respective high and low energy band are mentioned.
The optical band gap energy (Eg) is calculated using the onset absorption wavelength λabsonset
determined from the absorption edge to high wavelengths as exemplarily shown in Figure
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1.33. As common for pi-conjugated D-A copolymers, the presented spectrum exhibits a
high and low absorption band whereas the first is attributed to the pi→pi* transition. The
second feature originates from the charge transfer from the donor units to the acceptor
units involving nonbonding molecular orbitals (n→pi*). Finally, equation 1.5 elucidates
the relation between the wavelength λ and the energy E, with the Planck constant h and
the velocity of light c, which is used to convert λabsonset into Eg.
E = h · c
λ
⇒ Eg ≈ 1240nm
λabsonset
(1.5)
Additionally, the aggregation behavior can be investigated by performing solution UV-Vis
absorption measurements using different solvents.[200] Results from such studies will help
to optimize the processing of the polymeric material.
1.5.4 Electrochemical Characterization Methods
A very commonly used method to investigate electrochemical properties is cyclic voltamme-
try (CV). CV measurements are mainly performed to determine oxidation and reduction
potentials in order to further estimate the energy level of frontier molecular orbitals
(HOMO/LUMO). Thereby, a standard CV stand is a three-electrode stationary setup
consisting of a working, counter, and reference electrode immersed in a solution of an
electrolyte (Figure 1.34, left). The analyte is either dissolved or, in case of SCPs, deposited
as thin film on the working electrode. If the analyte has accessible oxidation/reduction
states applying a positive forward and negative reverse linear potential scan will cause an
anodic and the corresponding cathodic wave, respectively. For ideal (electrochemically
reversible) systems the amount of maximum peak currents (anodic: Ipa, cathodic Ipc)
should thereby be approximately the same and their amount of potential difference (|Epc
- Epa|) should be a multiple of 57mV indicating the number of transferred electrons.
Furthermore, for ideal systems the half-wave potential (E1/2=(Epc+Epa)/2) is utilized as
excellent approximation of the formal potential of the corresponding redox process.[201]
In contrast to small molecules, SCPs undergo significant conformational and energetic
reorganizations upon oxidation/reduction resulting in deviations from the ideal behavior
of electrochemically reversible systems.[202] For this reason, it is a common practice to
estimate oxidation and reduction potentials by the onset potential as demonstrated in
Figure 1.34, right.[201,203] This cyclic voltammogram of P(NDI2OD-TVT) exhibits two
reduction peaks (negative waves, Epc,1/2) assigned to the anion and dianion as well as the
corresponding reoxidation peaks (positive waves, Epa,1/2).
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Figure 1.34: Left: Newly established CV cell stand at IPF Dresden comprising a platinum disc
working electrode (WE), a platinum wire counter electrode (CE) and a non-aqueous silver/silver
ion reference electrode (RE). The electrolyte solution consisted of NBu4PF6 and acetonitrile
and the system is protected by nitrogen. Right: Reduction section of a cyclic voltammogram of
P(NDI2OD-TVT) in the film state measured in 0.1M NBu4PF6 acetonitrile solution at a scan
rate of 50mV/s against a non-aqueous silver/silver ion reference electrode. Cathodic/anodic
peaks and the graphical determination of the onset potential for the first reduction are illustrated.
To correctly transfer the measured onset potential to the fermi level, a reference substance
with known formal redox potential at the fermi scale has to be measured under the same
conditions. The redox couple ferrocene/ferrocenium ion (Fc/Fc+) acts as such a standard
in electrochemistry due to its electrochemical reversibility and robustness, and its half-wave
potential serves as reference value. Whith this, equation 1.6 and 1.7 were formulated
according to the literature to calculate HOMO and LUMO energies.[201,204–206]
EHOMO = −(5.09 + Eonset,ox − E1/2,F c)[eV ] (1.6)
ELUMO = −(5.09 + Eonset,red − E1/2,F c)[eV ] (1.7)
Thus, the HOMO/LUMO energies can be derived from the onset oxidation/reduction
potentials. Usually, not both states are adequately accessible which is why the band gap
energy is used to calculate the counterpart (Equation 1.8 and 1.9). Due to the variety of
used, partly outdated, calculation methods, a reasonable comparison of HOMO/LUMO
energies is only possible if all parameters and equations are reported.
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EHOMO = ELUMO − Eg (1.8)
ELUMO = EHOMO + Eg (1.9)
Alternatively, another suitable method to investigate the energetic localization of frontier
molecular orbitals is ultraviolet photoelectron spectroscopy (UPS) whereas the obtained
HOMO/LUMO energies showed to be in good agreement with CV derived values, especially
under consideration of the above mentioned equations.[126,199,207,208]
1.5.5 Morphology and Microstructure Analysis
Surface morphology and microstructural ordering in the thin film significantly affect the
charge transport properties of the SCP layer (Chapter 1.2 and 1.3) which is why their
investigation provides important information in order to improve the device performance
by optimizing processing conditions or the molecular structure.
The most frequently used method to map the surface topology of SCP thin films is atomic
force microscopy (AFM) enabling very high resolutions in the nanometer range. Thereby,
the specimen surface is scanned by the cantilever having a sharp tip whereas piezoelectric
elements allow very precise movements of the specimen and, therefore, ensure a very
accurate scanning. To record the movement/deflection of the cantilever a laser beam is
reflected off the end of the cantilever and collected by a position-sensitive detector. With
regard to the natur of the tip motion three main operation principles are distinguished, the
contact, tapping and non-contact mode. In the listed order mechanical damaging of the
specimen surface is substantially reduced what is especially important for sensitive materials
such as biomaterials or soft polymers. Due to the surface topology and interactions, the
deflection of the cantilever varies depending on the exact position of the tip. Among
others, the size of ordered/crystalline domains and their orientation as well as the surface
roughness are the most significant information targeted by AFM studies of SCP thin films
(Figure 1.35, left).
For SCPs, the state-of-the-art method to analyze the nanostructural ordering in thin
films is grazing-incidence X-ray diffraction (GIXD). Thereby, the material deposited on a
very flat surface is irradiated by a focused X-ray (or neutron (GIND)) beam under small
incident angles. If very small angles, usually below 1 °, are used the method is termed
grazing-incidence small angle X-ray scattering (GISAXS), otherwise grazing-incidence wide
angle X-ray scattering (GIWAXS). In contrast to the naming of the latter, incident angles
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remain small. In this way penetration of the beam into the material is limited enabling
GIXD techniques to be used for the investigation of very thin films and surface layers.
Below a critical angle an evanescent wave evolves and interacts with the structure of the
sample resulting in scattering effects. Due to the used very shallow angles of incidence
the x-ray beam is efficiently reflected off the sample (grazing-incidence) what allows to
investigate the scattering features upon collecting the reflected beam by a two-dimensional
X-ray detector. By analyzing the obtained 2D GIXD images very important information
can be extracted such as degree and distance of the lamellar ordering (side-chain packing)
and pi-pi-stacking (backbone packing) as well as orientation of the polymer chains and
purity of the crystalline phase (Figure 1.35, right).
Additionally, standard X-ray diffraction and transmission electron microscopy (TEM)
experiments can be helpful but do not provide the same amount of essential information
like GIXD measurements. Furthermore, conducting successful TEM experiments on thin
films of SCPs is very challenging.
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Figure 1.35: Left: AFM height image of a P(DPP2OD-T2) sample showing very large domains.
Right: 2D GIWAXS image of a P(NDI2OD-TVT) batch demonstrating a predominant face-on
orientation with pi-pi-stacking direction perpendicular to the surface (z-direction) and lamellar
packing parallel to the substrate (r-direction, also referred to as xy-direction) Note: In 2D
GIXD images smaller values correspond to larger distances because of the inverse relation in the
reciprocal space.
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Motivation
pi-Conjugated polymers inherently combine electronic properties of inorganic semiconductor
crystals and material characteristics of organic plastics due to their special molecular
design. This unique combination has led to the development of new unconventional opto-
electronic technologies and, further, resulted in the evolution of semiconducting polymers
(SCPs) as fundamental components for novel electronic devices such as organic field-
effect transistors (OFETs), organic light-emitting diodes (OLEDs) and organic solar cells
(OSCs).[10, 16,19,209] Furthermore, the material flexibility, capability for thin-film formation
and solution processibility additionally enabled utilizing modern printing technologies for
the large-scale fabrication of light-weight organic electronics. This especially allows to
significantly increase the production speed and, moreover, to drastically reduce the costs
per device.[11, 15,31,53,59,60,67,69]
Especially, transistors are the most important elements in modern functional electronic
circuits because of acting as electronic switches in logic circuits or for pixels in displays.
However, as elucidated in the theoretical background, due to the molecular arrangement
and interactions, the electronic performance of SCPs cannot compete with monocrystalline
silicon which is used in state-of-the-art high-performance microtechnology.[92, 93]
Nonetheless, intensive and continuing efforts of scientists focused on improving the per-
formance of the new organic field-effect transistors (OFETs) with the particular focus on
the charge carrier mobility by optimizing the polymer structure, processing conditions
and OFET device architecture. By evolving the molecular structure of SCPs accompa-
nied with intensive investigations of material properties has led to identifying crucial
relations between polymer structure, optoelectronic properties, microstructure and OFET
performance.[19, 92,93,96,129,145] Nowadays, the interdisciplinary scientific success is repre-
sented by high-performance SCPs with charge carrier mobilities exceeding the value of
amorphous silicon.[19, 41,101,145,149] However, further research is essential to enable develop-
ing the next generation of electronic devices for application in healthcare, safety technology,
transportation, and communication.
Objective of This Doctoral Thesis
Despite the tremendous development, a convincing system to precisely study the impact
of the pi-conjugation length on the charge carrier transport has not been developed so
far, although it would provide a remarkable platform to gain more insight into charge
transport in SCPs.
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1. One major aim of this work therefore was to design, synthesize and funda-
mentally characterize a series of SCPs with variable and precisely defined
in-chain pi-conjugation lengths. In combination with results of microstruc-
tural analysis and measurements of the OFET performance, it was aimed
at improving the understanding of the structure-property-charge transport
relationship in SCPs.
In contrast to this fundamental study, the following two are attributed to either predom-
inantly n- or p-type high charge carrier mobility SCPs. Among n-type SCPs, the most
popular substructure consists of naphthalene diimide flanked by thiophene units what
results in significant torsion of the backbone.[127,210,211] In spite of the fact that coplanarity
of the polymer backbone was identified as a structural key criterion for achieving an
efficient charge transport,[92, 93] SCPs based on this substructure showed high charge carrier
mobilities in OFETs.[126–128]
2. In this context, the second goal of this work was to assess the influence of
replacing thiophene by thiazole in naphthalene diimide-based copolymers
on the coplanarity, material properties, and charge transport.
The third study finally covers the most popular class of high-performance p-type SCPs,
diketopyrrolo[3,4-c]pyrrole-(DPP)-based copolymers. Even though intensive research
focused on improving the transport properties of DPP polymers, the influence of synthetic
and processing conditions on material and transport properties was not analyzed in detail
so far.[101,130,138,140,141]
3. For this reason, the third aim of this work was to synthesize DPP-based
monomers and SCPs accompanied with additionally demonstrating a way
for further structural modifications and, moreover, to investigate whether
or not polymerization and processing conditions affect the charge transport
in these materials.
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3.1 Finely Tuned In-Chain pi-Conjugation in Naphthalene
Diimide-Based Copolymers
3.1.1 Introduction
pi-Conjugated, semiconducting polymers (SCPs ) are evolving as the fundamental com-
ponents for novel electronic devices of the next generation based on unconventional
optoelectronic technologies.[9–17] Investigating the charge transport mechanism in these
materials and its effect on the performance of the respective optoelectronic devices have
guided the design of novel pi-conjugated building blocks and how to combine them to
pi-conjugated copolymers to effectively enhance, for instance, the charge carrier mobility in
organic field-effect transistors (OFETs), light emission efficiency in organic light-emitting
diodes (OLEDs), and power conversion efficiency in organic solar cells (OSCs) to mention
just a few applications.[9–17] Recently, low band gap copolymers comprising alternating
donor (D) and acceptor (A) units along the polymer backbone have questioned the hy-
pothesis that extensive order and longe-range crystallinity are required to achieve high
charge carrier mobility polymers.[126–128,136,212] Eventually, both, theoretical and experi-
mental studies have revealed that minimizing conformational and energetic disorder as
well as enabling a high degree of short-range intermolecular interactions are the crucial
guidelines in developing high-mobility polymers.[91–93] In conclusion, these results point
out to a molecular origin of the improved charge transport, emphasizing the role of the
chemical structure of the polymer chains influencing, e.g. the backbone coplanarity, chain
conformations and the extension of the pi-conjugation.[94, 96–98]
In spite of persistent intensive efforts to decode the impact of the polymer structure
on its functional properties, the interplay between pi-conjugation length, morphology,
optoelectronic properties and charge transport remained hardly investigated in detail,
hitherto. Only very few studies exist reporting about the incorporation of pi-conjugation
defects along the polymer backbone of poly(thiophene)s, poly(phenylenevinylene)s, and
poly(diketopyrrolo[3,4-c]pyrrole)s and how this influences the chain conformation, backbone
coplanarity, optoelectronic properties, thin-film morphology, and charge transport.[213–217]
However, none of the reports cogently proved a precise regulation of pi-conjugation lengths
although being of crucial importance to elucidate the experimental results.
For the above mentioned reasons, this chapter will report about the detailed investigation of
the interplay between pi-conjugation length, optoelectronic properties, film microstructure
and charge transport properties in a closed series of naphthalene diimide-(NDI)-based
random D-A copolymers (PNDI-TVTx) with finely tuned in-chain pi-conjugation lengths
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achieved by incoporating different molar fractions (x) of pi-conjugated dithienylvinylene
(TVT) and pi-nonconjugated dithienylethane (TET) units (Figure 3.1).
The obtained results could thereby already be published in the journal Advanced Materials
as online version: T. Erdmann, S. Fabiano, B. Milián-Medina, D. Hanifi, Z. Chen, M.
Berggren, J. Gierschner, A. Salleo, A. Kiriy, B. Voit, A. Facchetti, Advanced Materials
2016 (DOI:10.1002/adma.201602923).
Figure 3.1: Molecular structure of the parent copolymers PNDI-TVT and PNDI-TET leading
to the PNDI-TVTx copolymer series. Distances between the marked positions were calculated
by DFT (Dr. Johannes Gierschner and Dr. Begoña Milián-Medina from Madrid Institute for
Advanced Studies IMDEA in Nanoscience, Madrid, Spain).
3.1.2 General Considerations about the Choice of the Comonomers
Due to the variable composition and high-performance of D-A polymers, as outlined in
the theoretical background, this structural design concept was applied here by selecting
appropriate D and A units. The NDI unit was chosen as A comonomer structure due to
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being the basis for a wide selection of molecules and polymers showing substantial electron
transport and broad applicational versatility,[41, 218–225] thus, allowing this study to attract
wide and high interest by the research community of Organic Electronics.
To modify the pi-conjugation length along the backbone, the pi-conjugated dithienylvinylene
(TVT) and the pi-nonconjugated dithienylethene (TET) D units were used as distannylated
comonomers in various ratios. These D comonomers were chosen due to three main reasons.
Firstly, the pi-conjugated NDI- and TVT-based copolymer PNDI-TVT (corresponding to
PNDI-TVT100, Figure 3.1) was recently introduced in 2013 as new high mobility n-type
SCP exceeding electron mobilities of 1.0 cm2/Vs and had begun to attract attention by
the research community of OFETs and OSCs.[91, 127,128,226–228] Secondly, in 2015 Liang et
al. reported about the fully pi-nonconjugated NDI- and TET-based copolymer PNDI-TET
(corresponding to PNDI-TVT0, Figure 3.1) showing a high degree of n-dopability but
enabling reliable charge transport only via the less efficient interchain charge hoping
as indicated by conductivity measurements.[229] Lastly, the TVT and TET units were
specifically chosen due to their nearly identical geometry. As confirmed by DFT calculations
(Dr. Gierschner, IMDEA, Madrid, Spain) the geometrical length change for the repeating
unit going from TVT to TET is only 0.02Å being equal to about 0.1% for the length
change of the respective repeating units NDI-TVT and NDI-TET, respectively. This is
of crucial importance to exclusively allow the selective investigation of the impact of the
pi-conjugation length without introducing additional distortion along the polymer chain
and conformational changes.
3.1.3 Synthesis of PNDI-TVTx Copolymers
The PNDI-TVTx copolymers were synthesized by Stille coupling polymerization (Figure 3.2)
using the bisbrominated naphthalene diimide molecule NDI-Br2 and the two distannylated
pi-conjugated or nonconjugated dithienyl compounds TVT-Sn2 and TET-Sn2, respectively.
The long branched alkyl side chains (2-octyldodecyl, 2OD) in NDI-Br2 were chosen to
ensure sufficient solubility and good processibility of the final copolymers. TVT-Sn2
was previously synthesized by dilithiation of (E)-1,2-di(thiophen-2-yl)ethene (TVT-H2)
using n-butyllithium (n-BuLi) in the presence of N,N,N’,N ’-tetramethylethylenediamine
(TMEDA) followed by subsequent distannylation by adding Me3SnCl (Figure 3.3). After a
fast aqueous work-up, the target compound TVT-Sn2 was isolated by recrystallization
and obtained as grayish-white needles in high purity as confirmed by nuclear magnetic
resonance (NMR) spectroscopy. The counterpart TET-Sn2 was provided by the group
of Prof. Facchetti (Polyera Corporation, Skokie, Illinois, USA). The synthetic procedure
involved a selective hydrogenation of the vinylene bridge in TVT-H2 by using sodium
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Figure 3.2: Synthesis of PNDI-TVTx copolymers via Stille coupling polycondensation.
borohydride and catalytic amounts of palladium on carbon and, finally, a distannylation
similar to the described procedure.[229] The copolymerizations were then performed with
x’ eq. of TVT-Sn2 corresponding to molar fractions x (x=100·x’) of TVT-Sn2 versus
TET-Sn2 ranging from 100% (PNDI-TVT100) to 0% (PNDI-TVT0) (Figure 3.2).
Figure 3.3: Synthesis of comonomer TVT-Sn2.
To ensure a high conversion of the comonomers and high molecular weight polymers,
the efficient catalyst system tris(dibenzylideneacetone)dipalla-dium(0) (Pd2dba3) / tri(o-
tolyl)phosphine P(o-Tol)3[53] was chosen and the polycondensation reactions were initiated
upon complete dissolution of the reactants by heating to 110 °C. After 17 h the polymer-
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izations were stopped by adding bromobenzene and pouring the polymer solution into
hydrochloric acid /methanol. The precipitates were washed by Soxhlet extractions using
methanol, acetone, hexane and chloroform whereas the latter contained the final polymer
products isolated by precipitation into methanol, filtration and drying under reduced
pressure.
3.1.4 Structural Characterization
The set of seven PNDI-TVTx copolymers was comprehensively analyzed by elemental
analysis (EA), 1H-NMR spectroscopy and gel permeation chromatography (GPC). By
EA, the calculated elemental composition of each individual PNDI-TVTx copolymer was
confirmed (Chapter 5.4.1). However, this method was not able to reflect the calculated
gradual changes within the series because of very small compositional differences within
the error range of the EA instrumentation usually mentioned with ± 0.4%. For instance,
even the comparison of the both counterparts PNDI-TVT100 and PNDI-TVT0, having
the most different composition within the PNDI-TVT100x series, results in differences
of their calculated mass fractions for carbon of 0.15 %, for hydrogen of 0.18 % and for
nitrogen of 0.005 %.
1H-NMR spectroscopy was applied to determine the final composition of each PNDI-TVTx
copolymer and to display the gradually changing composition within the series. However,
strong aggregation effects in pi-conjugated polymers often cause an inappropriate state
of solution and, thus, an indistinct signal resolution in the NMR spectrum. To overcome
this problem, the measurements were performed at a high temperature (120 °C) in 1,1,2,2-
tetrachlorethane-d4. Under these conditions, well-resolved 1H-NMR spectra were recorded
and all signals could be assigned to the respective protons of the PNDI-TVTx copolymers
(Appendix A.1, Figure A1). Additionally, a fragmentation of the copolymer structure into
the respective triads TVT-NDI-TVT, TVT-NDI-TET and TET-NDI-TET was performed
what further allowed a more detailed description of the complex signal patterns in the
aromatic region (Figure 3.4). Thereby, an unambiguous identification of each monomer
unit is possible and the evolution of the signal patterns clearly indicates the varying
copolymer composition depending on the TVT/TET ratio. However, complexity and
overlaps in the aromatic region complicate a determination of the copolymer composition.
Consequently, the isolated peak assigned to TET ethanyl protons 4” / 4”’ at 3.47 ppm
(as well as their presumed end group signals at 3.36 ppm and 3.18 ppm) and the broad
peak of NDI methylene protons 8 / 8’ / 8” / 8”’ at 4.19 ppm were used to quantify the
actual molar fraction of TET by calculating the ratio of their respective integral intensities
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InI(TET ethanyl protons)
InI(NDI methylene protons) · 100% (InI). Molar fractions of TVT were finally determined as
differences to 100%. The results indicate a very good agreement with the monomer feed
ratios (Table 3.1).
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Figure 3.4: Sections of collected 1H-NMR spectra of PNDI-TVTx copolymers measured in
1,1,2,2-tetrachloroethane-d2 at 120 °C. NMR Signals are assigned based on fragmentation of the
copolymer structure into the respective triads TVT-NDI-TVT, TVT-NDI-TET and TET-NDI-
TET.
To achieve a gradually changing pi-conjugation length with x in the copolymer series, TVT
and TET moieties must have a statistical distribution along the backbone of PNDI-TXTxs
and, consequently, the same applies for the respective triads, too. Subject to the condition
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Table 3.1: Comparison of TVT/TET comonomer feed ratio and experimentally determined
molar fractions of TVT and TET in PNDI-TVTx copolymers by 1H-NMR
PNDI-TVTx
Monomer
feed ratio [%]
Molar fractions
by 1H-NMR [%]
TVT TET TVTa TETb
PNDI-TVT100 100 0 100 0
PNDI-TVT80 80 20 79 21
PNDI-TVT60 60 40 59 41
PNDI-TVT40 40 60 39 61
PNDI-TVT20 20 80 18 82
PNDI-TVT10 10 90 9 91
PNDI-TVT0 0 100 0 100
a Calculated by TV T = 100% − TET . bDetermined from 1H-NMR spectra by
TET = InI(TET ethanyl protons)InI(NDI methylene protons) · 100%.
that both thienyl comonomers TVT-Sn2 and TET-Sn2 show similar reactivities the
resulting PNDI-TVTxs should have a random copolymer structure. This crucial question
about the present copolymer structure was investigated in detail by a deconvolution
analysis of the signal patterns in the 1H-NMR spectra of PNDI-TVTxs.
Incorporating TVT and TET moieties causes a complex, yet well resolved signal pattern
particularly obvious for the aromatic NDI protons 1 / 1’ / 1” / 1”’ at 8.83 - 8.87 ppm (Figure
3.4, left). Thereby, each of the four individual peaks can be assigned to the respective triad.
With regard to the theory about random copolymer architecture and NMR spectroscopy, the
dependence of the relative 1H-NMR peak area of each triad on the copolymer composition
can be described as shown in Table 3.2 whereas the relative peak area correspond to the
triad content present in the specific copolymer.
Table 3.2: Theoretical relative peak areas for PNDI-TVTx triads
Peak Chemical shift Triad
Theoretical relative peak
area / triad fractiona
1 8.87 TVT-NDI-TVT [TVT]2
1’, 1” 8.85, 8.85 TVT-NDI-TET 2[TVT][TET]
1”’ 8.83 TET-NDI-TET [TET]2
aWith TVT fraction [TVT] and TET fraction [TET], [TVT]+ [TET]=1 and
[TVT]2+2[TVT][TET]+ [TET]2=1.
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Theoretical (th.) triad contents were calculated using the determined PNDI-TVTx compo-
sitions (Table 3.1) and compared with the experimental (exp.) values. The experimental
values were extracted by the deconvolution procedure as described in detail in Appendix
A.1. The graphical comparison (Figure 3.5) shows a good agreement between th. and
exp. values confirming the presence of a random copolymer structure in the whole set of
PNDI-TVTxs. Furthermore, significant indications for a block like architecture do not
exist.
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Figure 3.5: Graphical comparison of theoretical (th., hollow dots) and experimental (exp., filled
squares) triad contents depending on the respective TVT content of the PNDI-TVTx copolymer.
Dashed lines represent the th. curve progressions.
The number-average molecular weights (Mn) and dispersities (Ð = Mw / Mn) were
determined by high-temperature gel permeation chromatography (HT-GPC) against
polystyrene standards (PS) at 150 °C in 1,2,4-trichlorobenzene (1,2,4-TCB) as eluent
(Table 3.3). The results show a decrease in the molecular weights approximately following
the decrease of the TVT content and conterminously, the increase TET units progressively
adding more flexibility to the polymer chain. Firstly, the growing incorporation of
flexible TET units is expected to cause a gradual change from a rod-like (PNDI-TVT100)
to a more random-coil-like (PNDI-TVT0) polymer conformation reducing the effective
hydrodynamic radius of the polymer chain on which the evaluation of the molecular weights
by GPC is based on. Secondly, introducing flexible pi-nonconjugated TET units should
decrease the persistence length as well as the degree of aggregation and, thus, the effective
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hydrodynamic radius as well. Accordingly, due to the changing polymer composition any
further conclusions based on a simple direct comparison of the molecular weights, such
as statements about chain length and degree of polymerization, are not useful or very
challenging among this set of copolymers.
Table 3.3: Number- and weight-average molecular weights (Mn, Mw) and dispersities (Ð) of
PNDI-TVTx copolymers by HT-GPCa
PNDI-TVTx
Mn
[kg/mol]
Mw
[kg/mol] Ð
PNDI-TVT100 67.6 190.0 2.81
PNDI-TVT80 50.9 122.2 2.40
PNDI-TVT60 33.8 62.9 1.86
PNDI-TVT40 28.4 59.4 2.09
PNDI-TVT20 19.6 35.9 1.83
PNDI-TVT10 24.3 42.3 1.74
PNDI-TVT0 25.3 51.1 2.02
a Based on a calibration with PS standards in 1,2,4-TCB at 150 °C.
3.1.5 Investigation of Thermal Properties
The thermal stability of the random copolymers was investigated by thermogravimetric
analysis (TGA ) under nitrogen atmosphere. Regardless of the TVT content, all copolymers
showed very good and almost identical thermal stability with decomposition temperatures
(Td) at 5% weight loss at about 440 °C and a maximum decomposition rate at about
470 °C (Figure 3.6).
Differential scanning calorimetry (DSC ) was performed to analyze the thermal phase
transition behavior of the PNDI-TVTx copolymers (Figure 3.7). During the heating scans
endothermic transitions were detected assigned to the melting of the polymer backbone.
In agreement with the expectations, the peak temperatures of the melting transitions
gradually increase with x, in detail from 160 °C (PNDI-TVT0) to 273 °C (PNDI-TVT100).
The same behavior was also observed for the crystallization peak temperatures ranging
from 130 °C to 247 °C, respectively. These trends accurately reflect the expectation of an
enhancing rigidity of the polymer backbone by increasing the TVT content mandatory
leading to a stepwise shift of melting/crystallization temperatures to higher values.
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Figure 3.6: TGA curves showing the weight loss (top) and the derivative weight loss (bottom)
of PNDI-TVTx copolymers during heating under nitrogen atmosphere.
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Figure 3.7: DSC curves of PNDI-TVTx copolymers demonstrating gradually increasing melting
(top) and crystallization (bottom) temperature ranges with x. Respective peak temperatures are
indicated.
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3.1.6 Investigation of Optoelectronic Properties
The absorption characteristics of the PNDI-TVTx copolymers, the band gap energy as well
as redox potentials and HOMO and LUMO energies were investigated by ultraviolet-visible
(UV/Vis) spectroscopy and cyclic voltammetry (CV), respectively.
Figure 3.8 shows the UV/Vis absorption spectra of PNDI-TVTx copolymers in 1-chloronaph-
thalene (CN) solution (top) with a concentration estimated for the repeating units (cRU)
of ≈ 10-5mol/l and as thin films drop casted from toluene solutions (bottom). CN was
chosen as solvent due to a report by Steyrleuthner et al.[200] showing that CN enabled
the best state of solution with a minimized level of aggregation for the related NDI-based
pi-conjugated copolymer P(NDI2OD-T2). The recorded solution absorption spectra of
PNDI-TVT100xs are characterized by two spectral features: a high-energy pi-pi* transition
peak at ≈ 390 nm and a broad, low-energy band attributed to the intramolecular charge-
transfer (CT) transition between the acceptor unit NDI and the donor moieties TET and
TVT centered at ≈ 524 nm and ≈ 658 nm, respectively (Table 3.4).
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Figure 3.8: UV/Vis absorption spectra of PNDI-TVTx copolymers in 1-chloronaphthalene (top)
and as thin films (bottom). The spectra are normalized to the pi-pi* transition at about 400 nm.
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Table 3.4: Optical properties of PNDI-TVTx copolymers
PNDI-TVTx λ
abs
max [nm]
Solutiona Filmb
λabsonsetc [nm] Eoptg d [eV]
PNDI-TVT100 393, 658 408, 727 880 1.41
PNDI-TVT80 391, 638 402, 713 876 1.42
PNDI-TVT60 388, 625 399, 707 865 1.43
PNDI-TVT40 387, 549, 613 397, 598, 701 846 1.47
PNDI-TVT20 386, 537 392, 549, 674 831 1.49
PNDI-TVT10 385, 528 390, 530 789 1.57
PNDI-TVT0 385, 524 388, 521 596 2.08
aUsing CN as solvent. bDrop casted films on glass substrates. cDetermined from the absorption
edge of thin film UV/Vis spectrum. d Calculated by Egopt=1240 nm/ λabsonset [eV].
In solution UV/Vis spectra (Figure 3.8, top), the pi-pi* transition peak shows a slight but
gradual bathochromic shift from 385 nm to 393 nm with increasing TVT content reflecting
the expectation of an extending pi-conjugation length from PNDI-TVT0 to PNDI-TVT100.
Simultaneously, the CT transition band of NDI-TET successively decreases while the one
of NDI-TVT is evolving accompanied by a red-shift being evident by the color change
of the solutions from red to purple, blue and green (Figure 3.9). The two spectral
characteristics are also present in the thin-film absorption spectra (Figure 3.8 , bottom)
showing a similar evolution of the signals: a bathochromic shift for the pi-pi* transition
peak from 388 nm to 408 nm, a decrease of the CT band of NDI-TET and an increase
of the CT band of NDI-TVT combined with a bathochromic shift. A direct comparison
of the solution and thin-film absorption spectrum of one individual PNDI-TVTx sample
clearly displays the bathochromic shift of the CT band accompanied by the appearance of
red-shifted shoulders (for collected spectra see Appendix A.2, Figure A3). This is caused
by aggregation effects, particularly pronounced in samples with a high content of inflexible
pi-conjugated TVT units, and indicates excitonic interactions enabled by the presence
of pi-stacks and interchain interactions. Remarkably, the fully flexible PNDI-TVT0 also
exhibits a shoulder at ≈ 541 nm in the film state suggesting distinct interchain ordering.
The optical band gap energies (Eoptg ) were calculated from the absorption edges of the
thin-film spectra λabsonset and abruptly decrease from 2.08 eV for PNDI-TVT0 to 1.57 eV and
1.49 eV for PNDI-TVT10 and PNDI-TVT20, respectively (Table 3.4). For the remaining
copolymers the band gap energy only decreases from 1.47 eV to 1.41 eV. These results lead
66
3.1 Finely Tuned In-Chain pi-Conjugation in Naphthalene Diimide-Based Copolymers
to the assumption that 40 - 50% of TVT content is sufficient for building the electronic
(pi-conjugated) structure converging to a limiting value.
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Figure 3.9: Photograph of PNDI-TVTx copolymers in 1-chloronaphthalene (cRU≈ 10-5mol/l)
for solution UV/Vis absorption spectroscopy.
The electrochemical behavior and the LUMO energy levels of the PNDI-TVTx copolymers
in the film state were investigated by CV measurements against the ferrocene/ferrocenium
Fc/Fc+ redox couple as internal reference. All voltammograms show two reversible
reductions with the corresponding cathodic/anodic peak potentials Enpa/pc (see Appendix
A.3, Figure A4) and redox potentials En1/2 (Table 3.5), located at ≈ -0.55±0.07V and
≈ -0.79±0.13V. With regard to the literature[201–203], LUMO energies of pi-conjugated
polymers in the film state were determined using the onset potential of the first reduction.
By collecting all voltammograms a shift of the reduction edge with x to the negative is
cleary obvious (Figure 3.10) resulting in slightly gradually decreasing LUMO energies
from -3.89 eV for PNDI-TVT0 to -4.00 eV for PNDI-TVT100 (Table 3.5). The very small
total difference in the LUMO energies of about 0.11 eV indicates a strong localization of
the LUMO on the NDI unit along the polymer backbone and a small dependence on the
pi-conjugation length. The corresponding HOMO energies in Table 3.5 were calculated
using the optical band gap energies (Table 3.4). For PNDI-TVT100 to PNDI-TVT10 the
HOMO is located at ≈ -5.42±0.06 eV but dropping to -5.97 eV for the fully pi-nonconjugated
PNDI-TVT0. Since the efficiency of injecting charge carriers (electrons/holes) from the
OFET source electrode to the semiconductor is depending on contact resistance and
injection barrier, particularly determined by the position of the respective electrode work
function and the LUMO/HOMO energy levels (or ionization potentials, respectively)[230],
the results generally indicate a different situation for the injection of electrons and holes.
Due to the almost invariant LUMO energies the injection of electrons to PNDI-TVTxs
is expected to be similar for all copolymers. In contrast, the drop by ≈ -0.55 eV of the
HOMO energy of PNDI-TVT0 compared to the average HOMO energy of PNDI-TVTxs
with 10≤ x≤ 100 could especially cause difficulties to efficiently inject holes for this specific
sample.
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Table 3.5: Electrochemical properties of PNDI-TVTx copolymers
PNDI-TVTx Redox potential
a [V]
E11/2 E21/2
ELUMOb [eV] EHOMOc [eV]
PNDI-TVT100 -0.47 -0.66 -4.00 -5.41
PNDI-TVT80 -0.49 -0.67 -3.94 -5.36
PNDI-TVT60 -0.49 -0.72 -3.94 -5.37
PNDI-TVT40 -0.51 -0.80 -3.92 -5.39
PNDI-TVT20 -0.61 -0.89 -3.91 -5.40
PNDI-TVT10 -0.61 -0.92 -3.90 -5.47
PNDI-TVT0 -0.62 -0.91 -3.89 -5.97
aHalf-wave redox potentials calculated from CV by En1/2=(Enpc+Enpa) / 2 (referred to internal
Fc/Fc+ redox couple at 0.54V). bObtained from CV: ELUMO= -4.44 - E1onset,red. cCalculated by
EHOMO=E LUMO - Egopt.
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Figure 3.10: Reduction section of collected cyclic voltammograms of PNDI-TVTx copolymers
in the film state measured in 0.1M NBu4PF6 acetonitrile solution at a scan rate of 50mV/s and
employing ferrocene as internal standard. CV curves are normalized to the first reduction peak.
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3.1.7 Computational Results by DFT Calculations
To better understand the experimental results, theoretical studies were considered to be
relevant. Therefore, (time-dependent) density functional theory ((TD)DFT) calculations
were performed by Dr. Johannes Gierschner and Dr. Begoña Milián-Medina (Madrid
Institute for Advanced Studies IMDEA in Nanoscience, Madrid, Spain) on NDI-endcapped
tetramers consisting of NDI units and statistically distributed comonomers with a varying
TVT content of 100%, 75%, 50%, 25% and 0%, and the respective amount of TET units
0%, 25%, 50%, 75% and 100% (Chapter 5.4.2 and Appendix A.4, Figure A5). The
structures exhibit considerable distortion with torsional angles of 45 ° and 50 ° between NDI
and the TVT and TET moieties, respectively. In the PNDI-TVT100 analogous tetramer,
the frontier molecular orbitals (MOs), HOMO and LUMO, are exclusively localized in the
TVT and NDI moieties, respectively (Figure A5, bottom). In contrast, the HOMO in
the PNDI-TVT0 analogous tetramer shows a moderate contribution of NDI as bridging
unit with the main localization in the thiophene units and is much lower in energy. In
addition to that, the whole evolution of HOMO and LUMO energies with x is also in a
good agreement with the experimentally determined values (Figure 3.11).
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Figure 3.11: Comparison of experimentally determined (left) and (TD)DFT-calculated values
(right) for HOMO (blue lines), LUMO (red lines) and band gap energies (black squares). Vertical
transition energies S0→S1were calculated additionally (green hollow squares). Values for the
same TVT/TET composition were averaged.
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This MO description has direct consequences on the description of the first excited (singlet)
state (S1): in PNDI-TVT100, S0→S1 is essentially described by a simple HOMO→LUMO
excitation due to the rather large energetic distance between HOMO and HOMO-1. This
gives rise to a pronounced CT character of S1 corresponding to the main absorption band
at ≈ 658 nm (Figure 3.8). In any case, the hypsochromic shift of the band with increasing
TET content was also confirmed by (TD)DFT calculations (Appendix A.4, Figure A6) and
indicates successively stronger configuration interaction (CI) with close-by MOs. At the
same time, the high-energy band in the experiment at ≈ 524 nm arises, originating from
mainly thiophene-located HOMO-m to NDI-located LUMO+m orbitals. Consequently, in
PNDI-TVT0, this band solely dominates the optical spectrum. In conclusion, the results
of the optoelectronic investigations were thus fully confirmed by the conducted (TD)DFT
calculations.
3.1.8 Investigation of the Thin-Film Microstructure
The investigation of the PNDI-TVTx copolymers by grazing incidence X-ray diffraction
(GIXD) was done by David Hanifi and Prof. Alberto Salleo (Department of Materials
Science and Engineering, Stanford University, Stanford, USA) on thin films prepared in
exactly the same way as used for the OFET fabrication (Chapter 5.4.4). The results reveal
significant crystallinity and long-range order for all samples as well as a clear microstructural
trend depending on the TVT content (Figure 3.12 and Appendix A.5, Table A2). First,
PNDI-TVT100 shows a predominant face-on orientation of the polymer chains with the
pi-pi-stacking peak along the qz-axis corresponding to a distance of 3.80Å. Sharp diffraction
peaks in qr-direction indicate side chain ordering with a lamellar stacking distance of
23.3Å. This crystalline texture is reminiscent of that of PNDI2OD-T2 unannealed films.[231]
By decreasing the TVT content the crystalline portion progressively becomes a mixture
of face-on and edge-on oriented polymer chains accompanied with the appearance and
strengthening of lamellar stacking peaks along the qz-axis. Thus, the crystalline structure
of PNDI-TVT20 is dominated by edge-on oriented polymer chains showing up to four
orders of diffraction along the lamellar direction corresponding to a lamellar spacing of
about 21.0Å. Thereby, the increased flexibility of the main chain due to a high TET
content can be considered as reason for the closer packing with the slightly lowered lamellar
spacing compared to PNDI-TVT100. Again, this microstructrue is reminiscent of that of
PNDI2OD-T2 thin films but after termal annealing.[231] Finally, the 2D GIXD images of
PNDI-TVTx thin films with further reduced TVT content preserve the mostly edge-on
texture but also start displaying mixed-order peaks indicating a more three dimensional
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crystalline registry than a mere 2D layering. In the end, the PNDI-TVT0 thin film shows
a diffraction pattern similar to those of highly crystalline oligomer films.[232]
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Figure 3.12: 2D GIXD images of PNDI-TVTx thin films recorded at beamline 7.3.3 Lawrence
Berkeley National Lab (LBNL) by David Hanifi and Prof. Alberto Salleo (Stanford University,
USA).
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3.1.9 Investigation of Charge Transport Properties
To assess the influence of the pi-conjugation length and microstructure on the charge
transport properties within the PNDI-TVTx copolymer series, top-gate bottom-contact
organic field-effect transistors (TGBC-OFETs) were fabricated (Figure 3.13). These
TGBC-OFETs consisted of untreated Corning glass substrates with vapor deposited gold
source/drain electrodes, a spin-coated thin film of the PNDI-TVTx semiconductor followed
by a spin-coated poly(methyl methacrylate) (PMMA) film as gate dielectric and a thermally
evaporated aluminum gate electrode on top.
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Figure 3.13: Schematic structure and material composition of PNDI-TVTx TGBC-OFETs.
The electrical measurements of transfer characteristics were performed under ambient
conditions in the saturation regime (|VDS| = 50V) and field-effect mobility values (µ)
were extracted according to the gradual channel approximation.[233] The determined
electron (µe) and hole mobilities (µh) and threshold voltages (Vth) are summarized in
Table A3 and detailed transfer curves for different VDS are reported in Figure A7 (for both
see Appendix A.6). Starting from PNDI-TVT100, the OFETs show typical ambipolar
charge transport properties with average electron and hole m bilities of ≈ 0.80 cm2/Vs and
≈ 0.18 cm2/Vs, respectively. These mobility values compare favorably with literature values
of best performing top-gate PNDI-TVT100-based OFETs[127,128] and are among the highest
mobilities reported for solution processed n-channel semiconductors.[41, 101,234] Reducing the
pi-conjugation length along the polymer backbone by lowering the TVT content affects both
electron and hole mobilities differently (Figure 3.14). While PNDI-TVT40 still possessed
a remarkably high electron mobility of ≈ 0.28 cm2/Vs, i.e. corresponding to a decrease
by a factor of only 2.9 compared to PNDI-TVT100, the hole mobility already dropped
by two orders of magnitude to 1.64·10–3 cm2/Vs. Lowering the TVT content further
reveals electron mobilities still approaching 0.1 cm2/Vs (PNDI-TVT20 and PNDI-TVT10)
and finally stagnating at 0.005 cm2/Vs for PNDI-TVT0. However, the development of
the respective hole mobilities shows a much sharper decline by one and three orders of
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magnitude (PNDI-TVT20: µh≈ 2.80·10–4 cm2/Vs, PNDI-TVT10: µh≈ 2.19·10–6 cm2/Vs),
respectively and vanishes in the end for the non-conjugated PNDI-TVT0. Accordingly, the
on-to-off current ratio (Ion/Ioff) in the n-type regime increases by more than four orders of
magnitude from ≈ 103 for PNDI-TVT100 to ≈ 107 for PNDI-TVT10.
In conclusion, the results are in agreement with the outcomes of the DFT computation,
optical and electrochemical investigations as well as the morphological analysis presented
in the previous chapters. Therefore, the calculated LUMO localization on the NDI units
along the polymer backbone accompanied with an almost invariant LUMO energy and a
high degree of ordering, as indicates by GIXD analysis for all thin film samples, enables
an advantageous electronic structure promoting electron transport in PNDI-TVTx. In
contrast, the greater delocalization of the HOMO along the polymer backbone impedes hole
transport. Additionally, the decrease in energy by 0.5-0.6 eV for PNDI-TVT0 compared
to the other PNDI-TVTxs, complicates injecting holes due to the increase of the energy
mismatch with the gold source electrode work function. Thereby, injection-limited currents
in OFETs are typically reported for energy barriers of 0.4 eV.[235]
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Figure 3.14: Development of electron (red) and hole mobility (green) with the TVT content.
Dashed lines are guides to the eye.
3.1.10 Summary
In this chapter, the synthesis of naphthalene diimide-based random copolymers (PNDI-
TVTx) incorporating different ratios (x) of pi-conjugated (TVT) and pi-nonconjugated (TET)
units and the investigation of their physical, thin-film and charge transport properties were
reported (Figure 3.15). Above all, for the assessment and discussion of the experimental
results it was of crucial importance to first verify whether or not the copolymers possess a
random copolymer architecture. Especially, the deconvolution study of the aromatic signal
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pattern in the 1H-NMR spectra clearly confirmed the aspired random distribution of TVT
and TET units along the copolymer backbone for all PNDI-TVTxs without any significant
indications for a block-like structure. Statistically incorporating varying amounts of
TET units allowed to gradually modulate thermal and optoelectronic properties, the
thin-film morphology and charge transport behaviour. As presented in the individual
subchapters, TET incorporation reduces the effective conjugation length as accessed by
optical absorption spectroscopy and (TD)DFT calculations, enhances backbone flexibility,
reduces melting temperatures and, remarkably, leads to a unique transition of the thin-film
microstructure from face-on to edge-on oriented chains and eventually to a 3D crystalline
registry. Electrical measurements revealed that electron and hole mobilities of PNDI-TVTx
in field-effect transistors are affected differently, a result rationalized by MO topologies
and energies. Thus, the electron mobility decreases only by a factor of about 2.9 when
going from the fully conjugated PNDI-TVT100 to the sample having a TVT content
of only ≈ 40% (PNDI-TVT40: µe≈ 0.3 cm2/Vs) and remains ≈ 0.1 cm2/Vs in polymers
comprising ≈ 80 - 90% of the pi-nonconjugated unit (PNDI-TVT20 and PNDI-TVT10,
respectively). In combination with the dramatically reduced melting temperatures from
273 °C (PNDI-TVT100) to 160 °C (PNDI-TVT0), melt-processed devices based on these
semiconducting copolymers may be enabled.
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Figure 3.15: Structure of PNDI-TVTx copolymers, the respective GIWAXS images for the fully
pi-nonconjugated (PNDI-TVT0) and the continuously pi-conjugated counterpart (PNDI-TVT100),
and the evolution of electron (µe) and hole mobilities (µh) with the copolymer series depending
on the TVT content.
Moreover, the newly developed PNDI-TVTx series is a promising platform to gain further
knowledge about the charge transport behaviour by studying for instance how chain
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alignment affects the charge transport properties with regard to the pi-conjugation length
along the polymer backbone. Furthermore, it would be interesting to study whether
specific PNDI-TVTxs with crystalline registry in three dimensions could be used to
promote charge transport by interconnecting pi-aggregates in polymer blends – a question
of high importance resulting from recent investigations.[92, 93,145]
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3.2 pi-Conjugated Thiazole Containing Naphthalene
Diimide-Based Copolymers
3.2.1 Introduction
The research on pi-conjugated, semiconducting polymers (SCPs) has focused on improving
the device performance of, especially, OFETs and OSCs by modifications of the poly-
mer structure. The aim of this process has been to develop an understanding for the
structure-property relationships and, thus, to establish design guidelines for tailor-made
SCPs.[19, 21,41,129,219,236,237] Despite the continuous efforts, conformational and energetic
disorder still limit the charge transport in SCPs. [92, 93,238,239] In this context, backbone
coplanarity was recently identified as crucial characteristic to achieve high charge carrier
mobilities due to reducing conformational disorder.[18, 92,130] Minimizing steric repulsion
within the SCP structure reduces backbone torsion, leads to a higher degree of coplanarity
and further enables a closer pi-pi-stacking of SCP chains. In addition to that, increasing
coplanarity also enhances the overlap of molecular orbitals what results in a greater
delocalization of pi-electrons and, thus, provides a more energetic favorable system for
charge transport.
Methods to promote a planarization of the polymer backbone comprise (I) eliminating
steric repulsions by replacing the respective comonomers/substructures, (II) the forma-
tion of covalent bonds, partially leading to ladder- and step-ladder-type polymers,[240–242]
and (III) the precise installation of noncovalent interactions, such as intramolecular
hydrogen-bonding interactions.[243,244] Thereby, nontraditional hydrogen-bonding interac-
tions dominate in pi-conjugated polymers between partially positively charged aromatic
hydrogen atoms and strongly electronegative oxygen, nitrogen or fluorine atoms (and
sulfur atoms, subordinately). In particular, Jackson et al.[243] revealed by DFT calculations
highest binding energies for CH···N (2.20 kcal/mol) and CH···O (1.86 kcal/mol) followed
by CH···F (0.94 kcal/mol) interactions. Further interactions (CH···S, S···S, O···S, N···S
and F···S) were assessed not being capable to lock a preferential conformation.
One of the most investigated high-performance n-type SCPs is P(NDIR-T2) (Figure 3.16)
showing electron mobilities in the range of 0.85 - 3.00 cm2/Vs in conventional top-gate
OFETs and up to 0.65 cm2/Vs in printed flexible OFETs.[41, 126] Additionally, the recently
introduced P(NDIR-TVT) being slightly structurally modified by a vinyl linkage between
both thiophene units also exhibited high electron mobilities up to 1.57 cm2/Vs exceeding
the mobility of a comparative P(NDIR-T2) sample in this study.[127]
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Figure 3.16: Novel thiazole containing NDI-based P(NDIR-Tz2) and P(NDIR-TzVTz) copoly-
mers and respective parent thiophene analogs P(NDIR-T2) and P(NDIR-TVT) with R repre-
senting attached solubilizing side chains.
Even though a high degree of coplanarity was identified as important parameter for an
effective charge transport both high mobility copolymers reveal a substantial backbone
torsion with dihedral angles of about 41 ° between NDI and the adjacent thiophene
units.[127,210,211] In this context, P(NDIR-T2) and P(NDIR-TVT) were appropriate starting
copolymers for further structural modifications aiming at improving the coplanarity along
the polymer backbone.
This chapter will elucidate in detail the challenging synthesis of the novel NDI-based
copolymers P(NDIR-Tz2) and P(NDIR-TzVTz) where thiophene units (T) were replaced
by thiazole (1,3-thiazole, Tz) moieties linked to the NDI core via C-2 atom (Figure 3.16).
In addition, the investigation of thermal, optoelectronic and charge transport properties
will be discussed in relation to the parent copolymers P(NDIR-T2) and P(NDIR-TVT).
Finally, the impact of replacing T by Tz on a possible backbone planarization was evaluated
based on performed DFT computations.
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3.2.2 Synthesis of P(NDIR-TzVTz) Copolymers
According to the straightforward procedure for the synthesis of pi-conjugated NDI-based
polymers via palladium-catalyzed Stille coupling polycondensation, the target copolymer
PNDIR-TzVTz can retrosynthetically be split by two convenient ways into symmetric
comonomers being synthetically favorable (Figure 3.17).
Figure 3.17: Convenient retrosynthetic splitting of the target copolymer P(NDIR-TzVTz), with
R representing the attached side chains, by two different ways into the corresponding comonomers
allowing Stille coupling polycondensations.
Route A thereby leads to the commercially available NDIR-Br2 for R=2-octyldodecyl
(2OD) and the distannylated dithiazolylvinylene TzVTz-Sn2. In route B the retrosynthetic
cuts were set surrounding the vinyl unit resulting in the brominated dithiazolyl-NDI
comonomer NDIRTz2-Br2 and the commercially available distannylated ethene V-Sn2.
While both routes thus provide the advantage of commercial sources for one of the two
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comonomers, the synthesis of the respectively corresponding thiazole-based comonomers,
TzVTz-Sn2 and NDIRTz2-Br2, was not described in the literature before. However, with
regard to the previous chapter TzVTz-Sn2 is the thiazole-based analog to the TVT monomer
and at position 2 stannylated thiazoles are reported to be stable supporting the feasibility of
route A.[245–249] In contrast, for route B the straightforward synthesis of NDIRTz2-Br2 via
bromination of the corresponding NDIRTz2 could be very problematic because the reduced
electron density on the C-atoms due to the stronger electronegativity of the N-atom in
thiazole complicates electrophilic substitutions in comparison with for instance thiophene-
based analogs. This is why thiazoles are in part considered not to react with halogenes as
reported by Eicher and Hauptmann.[250] Nevertheless, publications about the bromination
of thiazoles exist[251] and 2-thienyl-, 2-phenyl-, 2-tolyl- or 2-pyridinyl-substituted thiazoles
could also be brominated at the 5-position in the following years.[252–257] However, it must
be considered that the very strong electron withdrawing NDI unit could further reduce
the electron density of the attached thiazoles and, thus, significantly impede electrophilic
bromination reactions. For these reasons, route A was further examined.
Preparing the required comonomer TzVTz-Sn2 was divided into two steps. In the first
step, the (E)-1,2-di(thiazol-5-yl)ethene (TzVTz) was synthesized by Stille coupling of
commercially available trans-1,2-bis(tributylstannyl)ethene and 5-bromothiazole catalyzed
by Pd2(dba)3 /P(o-tol)3 (Figure 3.18). First, THF was used as reaction solvent but later
replaced by toluene due to a very low conversion of the starting materials. The crude
mixture of the reaction in THF was analyzed by 1H-NMR showing a ratio between the
stannyl and bromo compound of approximately 1 to 4.8. Since this crude mixture was used
for the reaction in toluene the significant excess of 5-bromothiazole resulted. Lowering the
amount to about 2.2 - 2.4 eq. should be sufficient for future syntheses. It has to be noted
that a final recrystallization from isopropanol allowed to remove remaining by-products
after a previous gradient column chromatography. Afterwards, a similar approach for
the stannylation of TzVTz was applied as previously reported for TVT-Sn2 (Chapter
3.1.3). Considering a possible sensitivity of the product against moisture, first, a sample
was taken from the reaction mixture, directly evaporated to dryness and investigated
by NMR spectroscopy. The 1H-NMR spectra showed several signals in the aromatic
region indicating a mixture of products. The analysis of signal position and integral
intensity ratios resulted in 10% unreacted starting material, 49% monostannylated and
41% distannylated TzVTz. Further experiments aiming at identifying the reason for the
mixture of products revealed high instability of stannylated TzVTz compounds. Thereby,
the second measurement of the previous NMR sample after standing at room temperature
for four days in the sealed NMR tube demonstrated a complete cleavage of the carbon-tin
bonds and, thus, the recovery of the starting material TzVTz. To increase the stability
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against the decomposition/protodestannylation the use of more sterically demanding and
stronger electron donating stannyl groups could be considered. Possible commercially
available tin compounds are in this context tri-n-propyltin chlorid, tri-n-butyltin chloride,
triphenyltin chloride or even trineophyltin chloride (chlorotris(2-methyl-2-phenylpropyl)
stannane).[258–260] However, even if this approach would be successfully leading to room
temperature stable TzVTz derivatives, the following polymerization via Stille coupling
polycondensation would require high temperatures of about 110 °C at which the distannane
has to be stable, too. Since this circumstance was rated very questionable the previously
unfavored route B was alternatively investigated.
Figure 3.18: Two-step synthetic route towards TzVTz-Sn2 via TzVTz based on commercially
available starting materials. Stannylated TzVTz compounds were unstable and decomposed to
TzVTz upon standing while being protected from moisture.
A straightforward protocol for the synthesis of NDI2ODTz2-Br2 for route B was planned
by two steps consisting of a Stille coupling reaction to NDI2ODTz2 followed by the
final bromination at position 5 of the thiazole rings. The Stille coupling reaction of the
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commercially available starting materials NDI2OD-Br2 and 2-(tri-n-butylstannyl)thiazole
catalyzed by Pd(PPh3)Cl2 showed to be very effective yielding the target compound
NDI2ODTz2 in excellent yields of up to 99% after purification by gradient column
chromatography (Figure 3.19).
Figure 3.19: Synthesis of NDI2ODTz2 by Stille coupling of commercially available starting
materials in anhydrous toluene.
To realize the dibromination of NDI2ODTz2 different set of reactions had to be explored
ranging from mild to harsh conditions as summarized in Table 3.6. The mild and selective
bromination agent N -bromosuccinimide (NBS) did not show any conversion of the starting
material even at high temperatures and combined with acetic acid added to enhance
the activity of NBS (set 1). Completely changing the strategy from an electrophilic
aromatic substitution to a deprotonation followed by quenching with an electrophile using
very basic lithium diisopropylamide (LDA) and iodine leads to partial decomposition
as indicated by 1H-NMR analysis (set 2). Alternatively, by replacing LDA with 2,2,6,6-
tetramethylpiperidinylmagnesium chloride lithium chloride complex (TMP-MgCl·LiCl), a
strong but very selective base as presented by Kunz and Knochel,[261] a deprotonation or
decomposition did not take place. Instead, an immediate color change from orange-yellow
to dark green took place in combination with a quantitative recovery of the starting
material after aqueous work-up (set 3). Such a behaviour is similar to the observations
by Senkovskyy and Kiriy et al.,[189] who invented a novel and powerful technique for
the chain-growth polymerization of the structurally very related thiophene-based analog
NDI2ODT2-Br2 (Figure 3.20), and indicates the formation of an anion radical by a
single-electron transfer (SET) to the aromatic system. Finally, the use of bromine as
strong brominating agent was investigated. Reactions without activating agent, with the
in situ generated lewis acid FeBr3 or with the support of very strong acids did only lead to
minimal or low conversions of the NDI2ODTz2 or to its decomposition, respectively (set
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4-6). Reactions with bromine in the presence of activating acetic acid with and without
additional acetic anhydride showed a moderate conversion of the starting material (set 7).
Table 3.6: Explored reactions and obtained results for the bromination of NDI2ODTz2
Set Reagenta Conditions Result
1 NBS r.t. or reflux in CHCl3,
CHCl3 /AcOH, CCl4 or
DMF for 16 h
no conversion
2 LDA, I2 /THF -40 °C or r.t. in THF, 2 h complex mixture, partial
decomposition
3 TMP-MgCl·LiCl,
I2 /THF
-40 °C or r.t. in THF, 3 h immediate color change, but
no conversion
4 Br2 reflux in CHCl3, CCl4 for
15 h
minimal amount of
NDI2ODTz2-Br
5 Br2 / cat. Fe r.t. or reflux in DCM or
DCM/AcOH for 15 h
minimal amount of
NDI2ODTz2-Br
6 Br2 /TFA or H2SO4 r.t. in CHCl3 or H2SO4 for
2 h
low conversion or
decomposition
7 Br2 reflux in CHCl3 /AcOH or
CHCl3 /AcOH/Ac2O for
39 h
moderate conversion (60%),
17 % “NDI2ODTz2-Br2” as
mixture of regioisomers
8 Br2 /Pyridine reflux in CHCl3 complete conversion, 62%
pure product
aUsing at least 2.2 equivalents.
Separating the crude product by gradient column chromatography and analysis of the
fractions by 1H-NMR analysis revealed 40% remaining NDI2ODTz2, 27% NDI2ODTz2-
Br, 17% dibrominated “NDI2ODTz2-Br2”, 2% NDI2ODTz2-Br3 and about 14% other
by-products (Figure 3.20). Importantly, the 1H-NMR spectrum of the dibrominated
“NDI2ODTz2-Br2” fraction did not exhibit a single component but a mixture of two
regioisomers in the ratio of 70 to 30 whereas the major part was presented by the target
NDI2ODTz2-Br2. The other compound was identified to be H/H-NDI2ODTz2-Br/Br
where the two protons at position 5 and 4 of only one thiazole were substituted by bromine
atoms (Figure 3.20). Since both regioisomers could not be separated by very carefully
performed gradient column chromatography, the obtained material could not further be
used as monomer. In conclusion, activating the bromine molecule by polarizing its covalent,
nonpolar Br-Br bond was found to be crucial for achieving a detectable bromination of
the very electron deficient NDI2ODTz2.
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Figure 3.20: By-products of the bromination of NDI2ODTz2 and the structurally very related
thiophene-based NDI2ODT2-Br2 for which Senkovskyy and Kiriy[189] developed a novel and
powerful chain-growth polymerization.
The set of experiments showed that acidic conditions were not successful what was probably
caused by additional protonation of the starting material (at either the oxygen/nitrogen
atoms of the NDI unit or the nitrogen atom of the thiazole rings) reducing the reactivity
of the whole molecule towards electrophiles. For this reason, acidic activation agents were
replaced by mild bases and performing the bromination reaction in the presence of pyridine
afforded the target compound NDI2ODTz2-Br2 in 67% yield after purification (Figure
3.21 and set 8 in Table 3.6). The 1H-NMR investigations thereby exhibited a complete
consumption of the starting material and only 3% mono-brominated NDI2ODTz2-Br.
In contrast to the previous set of bromination attempts, this very high efficiency can be
explained by two important functions taken up by pyridine. First, it is assumed that
the combination of pyridine and bromine leads to the formation of N -bromopyridinium
bromide serving as source for very electrophilic bromine atoms, especially required for
NDI2ODTz2.[262–265] Second, as base pyridine also neutralizes the hydrobromic acid
appearing as unavoidable by-product of the bromination. The formed salt pyridinium
bromide or tribromide should thereby not be soluble in chloroform and the observed
precipitation should enhance the driving force of the bromination reaction. Due to these
side processes and the high electron deficiency of NDI2ODTz2, bromine and pyridine
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were initially used in an excess of about ten and four equivaltents, respectively. However,
further experiments should focus on optimizing the reaction conditions to possibly increase
the yield.
Figure 3.21: Efficient synthesis of NDI2ODTz2-Br2 under mild basic conditions in the presence
of pyridine without development of the corresponding regioisomer H/H-NDI2ODTz2-Br/Br as
by-product.
Having both monomers in hand, the novel P(NDI2OD-TzVTz) was synthesized by Stille
coupling polycondensation in toluene catalyzed by 0.02 eq. Pd2(dba)3 / 0.16 eq. P(o-tol)3
(Figure 3.22). The usage of equimolar amounts of the comonomers led to a gelation of
the reaction mixture which was fractionated by Soxhlet extraction. By considering the
molecular weight of the repeating unit (M=1017.52 g/mol), the yield for the obtained
fractions could be calculated. The chloroform (CF) soluble material (TE194-CF) amounted
11% and the larger chlorobenzene (CB) soluble fraction (TE194-CB) 43%. The remaining
insoluble residue in the extraction thimble was estimated to be around 30%.
Figure 3.22: Preparation of P(NDI2OD-TzVTz) by Stille coupling polycondensation of equimolar
amounts of the comonomers or with a 10% excess of the distannane to lower the molecular
weight and increase the solubility.
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High-temperature gel permeation chromatography (HT-GPC) analysis in 1,2,4-trichloro-
benzene at 150 °C could not be carried out for 194-CF because of the very small amount
but for 194-CB resulting in a number-average molecular weight of Mn=35.6 kg/mol and a
dispersity of Ð=4.99 (Table 3.7).
Table 3.7: P(NDIR-TzVTz) copolymers synthesized by Stille coupling polycondensations
Sample
Side chain
R
Comonomer
ratio
Mn [kg/mol] (Ð)a Solubilityb
Yield
[%]
TE194-CF
2OD
1.0 : 1.0
-c CF 11
TE194-CB 35.6 (4.99) CB 43
TE196-CF
1.0 : 1.1
11.7 (4.29) CF 61
TE196-CB 34.1 (2.55) CB 27
TE248-CF 2DT 1.0 : 1.0 21.2 (2.20) CF 93
a By HT-GPC based on calibration with PS standards in 1,2,4-TCB at 150 °C. bWith regard to
Soxhlet extraction: CF - chloroform, CB - chlorobenzene. c could not be determined due to low
sample amount.
Nonetheless, due to solubility and film-forming issues during the processing of the material
a chloroform soluble fraction would rather be preferable. To increase the amount of
chloroform soluble P(NDI2OD-TzVTz) lowering the achievable molecular weights was
striven by performing a second polymerization (TE196) with 10% excess of the distannane
(Figure 3.22). Even though an undesired formation of in THF insoluble particles occurred
after a polymerization time of about 5 h, this time the polymer material was completely
fractionated by soxhlet extractions without obtaining an insoluble residue yielding 61mol-%
chloroform soluble and 27mol-% chlorobenzene soluble material, TE196-CF and TE196-CB,
respectively (Table 3.7). In comparison with 194-CB HT-GPC measurements exhibited
a similar number-average molecular weight but a much smaller dispersity for TE196-CB
(Mn=34.1 kg/mol, Ð=2.55) and the better soluble sample TE196-CF showed a lower Mn
of 11.7 kg/mol and a broader dispersity of 4.29.
Since the intrachain transport is much faster than the interchain charge transport,[266,267]
lowering the molecular weight and, thus, shortening the polymer chains complies with a
compromise between solubility and achievable OFET performance. To circumvent that,
an increase of the side-chain length was rated to be advantageous. Thereby, the extension
should be minimal because the side chain itself presents the insulating structural part
and is not involved in the charge transport directly. In this context, the structurally
related 2-decyltetradecyl (2DT) side chain was chosen whereas, compared to 2OD, each
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branching chains is lengthened by two -CH2- groups. The impact of replacing 2OD by
2DT was only rarely discussed in detail in the literature about pi-conjugated polymers
but led to better solubility of higher molecular weight batches, as presented by Mei et
al.,[268] and, additionally, enabled higher OFET mobilities, as reported by Shin et al.[269]
for pi-conjugated isoindigo-based D-A copolymers.
Aiming at increasing the solubility of P(NDI2OD-TzVTz) by replacing 2OD by 2DT side
chains, the required comonomer NDI2DTTz2-Br2 was synthesized as shown in Figure
(3.23).
Figure 3.23: Synthesis of the comonomer NDI2DTTz2-Br2 starting from alcohol OH-2DT and
naphthalene dianhydride NDA-Br2.
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The necessary primary alkylamine NH2-2DT was prepared from the respective alcohol
OH-2DT based on modified literature procedures.[270,271] The three-step route, consisting
of a starting Mukaiyama redox condensation to I-2DT and the final two-stage Gabriel
synthesis via PI-2DT to NH2-2DT, yielded the target compound in an overall yield of
about 72%. The following imidization of dibrominated naphthalene dianhydride NDA-Br2
was performed in pure acetic acid or in a mixture of xylene and propionic acid according
to Guo and Watson[270] or Chen et al.[272], respectively. The latter conditions led to a
smaller amount of by-products affording NDI2DT-Br2 in 29% yield compared to 19%.
To further increase the product proportion, the amine should be purified by, for instance,
distillation prior to syntheses even if it is not mentioned to be necessary by the literature
reporting 37 - 52% yield. Afterwards, the thiazole units were attached by Stille coupling
resulting in 90% NDI2DTTz2 which was subsequently brominated at thiazole position
5 as described before. Again, NDI2DTTz2-Br2 was obtained in relatively good yields of
67% demonstrating reproducibility of the established bromination procedure.
Finally, P(NDI2DT-TzVTz) was synthesized by applying identical reaction conditions for
the Stille coupling polycondensation as before (Figure 3.22). Soxhlet extraction revealed
complete solubility of the polymer material in chloroform without the appearance of any
insoluble residue and yielded TE248-CF. With respect to the molecular weight of the
repeating unit (MRU=1129.73 g/mol), TE248-CF was obtained in 93% yield (Table 3.7
and Figure 3.24). The values for Mn and Ð were determined by HT-GPC measurements
to 21.2 kg/mol and 2.20, respectively. In comparison with the chloroform soluble fraction
of the previous P(NDI2OD-TzVTz) batch TE196-CF (Mn=11.7 kg/mol, Ð=4.29) the
molecular weight was approximately doubled while decreasing the dispersity. This confirms
the realization of the desired solubility improvement for higher molecular weight P(NDIR-
TzvTz)s by side-chain engineering and indicates better processibility of the material for
fabricating OFETs (Table 3.7 and Figure 3.24). Due to batch to batch variations, it is
further expected that future syntheses could even result in chloroform soluble P(NDI2DT-
TzVTz)s samples with higher molecular weights. Thereby, attention has especially to be
paid to the stability and purity of the distannane which has to be ordered in a bottle with
a secure sealing to ensure protection from air and moisture. In addition to that, it should
be stored in a cold, dry place as well as used as fast as possible after delivery.
The structures of novel P(NDIR-TzVTz) copolymers were analyzed by 1H-NMR spec-
troscopy. Thereby, to reduce aggregation and improve signal resolution, measurements were
performed in 1,1,2,2-tetrachloroethane-d2 at 120 °C. Representatively, Figure 3.25 shows
the spectrum of TE248-CF whereas the appearing signals confirm the P(NDI2DT-TzVTz)
copolymer structure and the resulting ratio of integral intensities is good accordance with
the theory. Minor peaks in the aromatic region indicate end-group signals.
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Figure 3.24: Synthesized P(NDIR-TzVTz) copolymers with 2OD (green) or 2DT side chains
(blue). Fractionation of the raw material by Soxhlet extraction yielded chloroform (CF) and
chlorobenzene (CB) soluble portions for polymerization TE194 and TE196. The percentage in
parentheses expresses the obtained yield with respect to the monomer amount. TE194-CF could
not be analyzed by HT-GPC due to the low sample amount.
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Figure 3.25: 1H-NMR spectrum of P(NDI2DT-TzVTz) sample TE248-CF measured in 1,1,2,2-
tetrachloroethane-d2 at 120 °C. Minor peaks in the aromatic region were assigned to end groups.
Theoretical ratio of integral intensities: a : b : c : d : e : f : g = 2 : 2 : 2 : 4 : 2 : 80 : 12.
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3.2.3 Synthesis of P(NDIR-Tz2) Copolymers
With regard to the previous chapter P(NDIR-Tz2) can retrosynthetically be splitted
similarly by two routes based on Stille coupling polycondensations (Figure 3.26).
Figure 3.26: Retrosynthetic splitting of the target copolymer P(NDIR-Tz2), with R representing
the attached side chains, by two different routes based on Stille coupling polycondensations.
Route A thereby has to be rated as inappropriate because Tz2-2Sn is expected to show a
similarly low stability as the related TzVTz-Sn2 (Figure 3.18). Particularly, due to the
missing vinyl bridge, the electron deficiency at position 2 in 5,5’-bithiazoles is actually
slightly higher than in the corresponding 1,2-di(thiazol-5-yl)ethenes as derived by the
1H-NMR chemical shift of the protons at position 2 of the non-stannylated compounds
Tz2 and TzVTz (8.78 ppm[247,273] versus 8.69 ppm). For this reason, an even slightly lower
stability of Tz2-2Sn compared to TzVTz-Sn2 is expected. The low stability in general was
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already observed by Usta et al. upon lithiating position 2 of thiazoles substituted by an
electron withdrawing group at position 5.[247]
Hence, Stille coupling polycondensation was performed according to route B by using
the same reaction conditions as previously for P(NDIR-TzVTz)s. However, the poly-
condensation of NDI2ODTz2-Br2 and hexamethylditin (R”=Me) only afforded a low
molecular weight (Mn=6.2 kg/mol, Ð=1.55) chloroform soluble P(NDI2OD-Tz2) sample,
TE197-CF, in a comparably low yield of 55% (Table 3.8, end of this section). Lower
molecular weights and yields are not unusual when using ditin compounds because not one
but two catalytic transformations are occurring.[274] In the first palladium catalyzed cycle,
one carbon-bromine position reacts with one ditin compound resulting in its stannylated
form as intermediate which then undergoes the actual cross coupling cycle with a remaining
carbon-bromine position to form the desired carbon-carbon bond. Usually, the initial
transformation discovered by Azarian and Eaborn et al. in 1976,[275] being the basis for the
development of the intramolecular palladium-catalyzed tandem stannylation/aryl halide
coupling in 1990 known as Stille-Kelly coupling,[274,276] is not smoothly proceeding. For
this reason, a reduced total conversion and, thus, lower achievable molecular weights and
yields result.
In order to achieve higher molecular weight P(NDIR-Tz2) copolymers two other ret-
rosynthetic routes were considered (Figure 3.27), namely the polycondensation via direct
arylation polymerization (DAP)[168,277–279] (route C) and the innovative homopolymeriza-
tion procedure successfully developed by Senkovskyy and Kiriy et al.[189] for the related
thiophene-based P(NDI2OD-T2) copolymer (route D). The ability to synthesize the aimed
thiazole-containing polymers via DAP, was investigated by using TzVTz because it was
already prepared to examine route A for the synthesis of P(NDIR-TzVTz) (Figure 3.17
and 3.18) and is slightly less pi-electron deficient than Tz2, what seems to be favorable
with regard to the literature.[280] However, using the best performing reaction conditions
as reported by Matsidik and Sommer et al.[12] for DAP of the related P(NDI2OD-T2)
(monomer feed ratio 1:1, solvent: anhydrous chlorobenzene, concentration of NDI2OD-Br2:
0.5M, base: 3 eq. K2CO3, 1 eq. 2,2-dimethylpropanoic acid, 0.01 eq Pd2(dba)3) did not
show any conversion of TzVTz and, thus, no formation of polymeric material. This does
not imply that DAP can be completely excluded for a possible synthesis of the target
copolymers, but it indicates that it might be extremely challenging to elaborate working
DAP reaction conditions for the present comonomer system. Here, it has to be noted that
in general the necessity for screening, adjusting and optimizing DAP reaction conditions for
each individual comonomer system is the main disadvantage of published DAP protocols
so far.
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Figure 3.27: Retrosynthetic splitting of the target copolymer P(NDIR-Tz2), with R representing
the attached side chains, based on direct arylation polymerization (DAP) and active-zinc
polymerization.
Finally, route D was examined according to the published procedure by Senkovskyy
and Kiriy[189] for what the required Rieke zinc was prepared by the reduction of zinc(II)
chloride with sodium naphthalenide in absolute THF and obtained as fine black suspension.
Reacting NDIRTz2-Br2 with an excess of 2.5-3.0 eq. Rieke zinc under inert conditions
resulted in an immediate color change from orange-yellow to dark purple-blue. After
removing remaining elementary zinc by passing the mixture through a 0.2µm PTFE filter a
small sample was quenched in 1.25M HCl methanol solution yielding pure starting material
as shown by 1H-NMR analysis. This confirms that identically to the thiophene-based
analog NDI2ODT2-Br2 an insertion of zinc into the C-Br bond did not take place what
one could expect with regard to Negishi/Rieke-type polymerizations.[103]
To clarify whether a radical-anion was formed by a single-electron transfer (SET) from zinc
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to the strongly electron deficient NDIRTz2-Br2 another sample of the filtered purple-blue
solution was investigated by electron paramagnetic resonance (EPR) spectroscopy by
Dr. Uwe Lappan (Leibniz-Institut für Polymerforschung Dresden e.V.). The continuous
wave EPR spectra recorded for two different analyte concentrations (0.1mM and 1.0mM)
at 295K with a microwave power of 1mW were plotted as a function of the g factor to
equilibrate small deviations in the microwave frequency and display well-resolved EPR
signals whereas the intensity naturally decreases with reducing the concentration (Figure
3.28, left). Further measurements revealed that a microwave power of 1mW caused
significant saturation of the EPR spectrum. However, a reduction to 0.1mW allowed to
obtain a spectrum for the 1.0mM sample with undistorted line shapes which was therefore
selected for simulation and fitting (Figure 3.28, right). The simulated spectrum calculated
with the g value and the hyperfine coupling constants (Chapter 5.5.3) fits the spectrum
of the paramagnetic centers in the NDIRTz2-Br2/Zn complex well. Due to their low
intensity only the two outer lines of the calculated 13-line spectrum were not apparent in
the experimental spectrum showing 11 equally spaced lines centered at g=2.0038. Thus,
EPR studies confirmed the presence of a radical-anion and indicated its delocalization
along the pi-conjugated system involving the NDI unit as well as the attached thiazoles.
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Figure 3.28: Against g factor plotted EPR spectra of NDI2DTTz2-Br2/Zn complex recorded
in THF at 295K and 1mW microwave power for two indicated sample concentrations (left).
Calculated (green) and experimental (1.0mM, THF, 295K, 0.1mW) EPR spectra (blue) are in
good agreement (right). Details of the simulation and fitting are listed in Chapter 5.5.3.
The stoichiometry of the complex was estimated by titrating the filtered purple-blue
solution with iodine in absolute THF resulting in an equimolar consumption of iodine in
comparison with the initial amount of substance of the monomer. Since one anion radical
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can only reduce half of the iodine zinc in the oxidation state +1 instead of the common
+2 is assumed to coexist giving a 1:1 stoichiometry for the NDIRTz2-Br2/Zn complex.
As suggested by Senkovskyy and Kiriy[189], dimerization to Zn2(NDI2DTTz2-Br2)2 could
have occurred to stabilize the unusual oxidation state +1 via zinc-zinc bonds. In con-
clusion, the experiments and analyses by 1H-NMR and EPR spectroscopy confirmed the
own assumption, based on previous observations (Table 3.6, set 3), regarding a possible
formation of a radical-anion by SET. Furthermore, the addition of an excess of Rieke zinc
is not problematic for the complex formation what facilitates the practical execution by
excluding the necessity of adjusting an exact feed ratio of 1 to 1.
Attempts to polymerize NDIRTz2-Br2/Zn by dichloro(1,3-bis(diphenylphosphino)propane)-
nickel Ni(dppp)Cl2, as similarly used by Senkovskyy and Kiriy,[189] were not successful but
led to a complete recovery of the monomer. However, polymerization was achieved by
replacing the nickel catalyst by a catalyst system consisting of bis(acetonitrile)dichloropalla-
dium(II) as palladium source and tri-tert-butylphosphine as electron-rich ligand (Figure
3.29). This system was recently introduced by Tkachov and Kiriy et al.[191,281,282] demon-
strating high turnover numbers and frequencies in the Negishi chain-growth polycondensa-
tion of polyfluorenes as well as an alternative to nickel catalysts for the polymerization of
the related NDI2ODT2-Br2/Zn complex.
Figure 3.29: Synthesis of P(NDIR-Tz2) by active-zinc polymerization.
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In the present work, it was found to be crucial to mix equimolar amounts of both dis-
solved in THF prior to the addition to the NDIRTz2-Br2/Zn monomer solution. The
expected displacement of two acetonitrile ligands by one sterically demanding P(t-Bu)3
molecule was thereby accompanied with a fast color change from light to dark orange and
resulted in the transfer from a 16-electron ([Pd(CH3CN)2]Cl2) to a 14-electron complex
([Pd(P(t-Bu)3)]Cl2) providing higher reactivity in general.[283] With regard to the work of
Barrios-Landeros et al. [284] it can be assumed that this coordinatively unsaturated complex
gains stabilization by dimerization whereas one chlorine atom each acts as connection
between the respective palladium centers.
To increase the expected low solubility of high molecular weight P(NDIR-Tz2)s, polymer-
izations were performed at elevated temperatures near the boiling point of THF (Figure
3.29). Additionally, both monomers having 2OD or 2DT side chains were used and the
catalyst loading was varied between 0.02 eq. and 0.05 eq., resulting in a monomer-initiator
feed ratio [M]0/[I] in the range of 50 : 1 to 20 : 1 (Table 3.8: TE204-CF, TE202-CF and
TE203-CB). However, aggregation occurred within 10 - 120min polymerization time, where-
upon 1.25M HCl methanol solution was added for quenching before precipitation into
methanol. Subsequent purifications by Soxhlet extractions afforded the target copolymers
as dark blue solids in 87 - 93% yield.
Table 3.8: Synthesized P(NDIR-Tz2) copolymers by Stille coupling polycondensation and
active-zinc polymerizations
Sample
Side chain
R
Feed ratio
[M]0/[I]
Mn [kg/mol] (Ð)a Solubilityb Yield [%]
TE197-CFc
2OD
- 6.2 (1.6) CF 55
TE204-CF 50 7.3 (2.2) CF 87
TE202-CF 40 12.2 (1.9) CF 90
TE203-CB 20 23.5 (1.8) CB 92
TE241-CF
2DT 20
17.5 (1.9) CF 71
TE241-CB 36.1 (1.4) CB 22
a By HT-GPC based on calibration with PS standards in 1,2,4-TCB at 150 °C. bWith regard to
Soxhlet extraction: CF - chloroform, CB - chlorobenzene. c For comparison data for Stille coupling
polycondensation using 1.0 eq. (Me3Sn)2 and 0.02 eq. Pd2(dba)3 / 0.16 eq. P(o-tol)3.
All P(NDIR-Tz2) batches showed complete solubility either in chloroform or chlorobenzene
whereas 2DT substituted polymers again exhibited higher molecular weights at the same
solubility (Table 3.8: TE202-CF versus TE241-CF and TE203-CB versus TE241-CB). In
contrast to the active-zinc polymerization of P(NDI2OD-T2) revealing a chain-growth
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mechanism,[189] an inverse dependence of the molecular weight and monomer-initiator
feed ratio was observed in the present case. For instance, decreasing [M]0/[I] from 50
to 20 resulted in an increase in molecular weight for P(NDI2OD-Tz2)s from 7.3 kg/mol
(Ð=2.2) to 23.5 kg/mol (Ð=1.8), additionally accompanied with a change in solubility
from chloroform to chlorobenzene (sample TE204-CF, TE202-CF and TE203-CB). For this
reason, the polymerization of the studied combination of monomer and catalyst system is
not based on a clean chain-growth mechanism but leads to the assumption of a contribution
by step-growth processes. To clarify the present mechanism, future investigations should
focus in detail on the polymerization kinetics. Thereby, it should also be studied whether
replacing the electron-rich ligand P(t-Bu)3 by a phosphine with reduced donicity, such
as P(o-tol)3, could lower the reactivity and, thus, could promote a clean chain-growth
polymerization behavior. Additionally, the use of an ex situ palladium catalyst could
provide further insights into the polymerization mechanism and could allow to calculate
the degree of polymerization from the 1H-NMR spectra by processing end-group signals.
C2H2Cl4
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Figure 3.30: 1H-NMR spectrum of P(NDI2DT-Tz2) sample TE241-CF measured in 1,1,2,2-
tetrachloroethane-d2 at 120 °C. Minor peaks in the aromatic region were assigned to end groups.
Theoretical ratio of integral intensities: a : b : c : d : e : f = 2 : 2 : 4 : 2 : 80 : 12.
To verify that active-zinc polymerization led to the aimed P(NDIR-Tz2) copolymer
structure, samples were analyzed by 1H-NMR spectroscopy. Thereby, measurements
were performed again in 1,1,2,2-tetrachloroethane-d2 at a high temperature of 120 °C in
order to reduce aggregation. Exemplarily, Figure 3.30 demonstrates the well-resolved
1H-NMR spectra of TE241-CF whereas all signals could be assigned to the structure of
P(NDI2DT-Tz2). Furthermore, the ratio of integral intensities is in good agreement with
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the theory. Due to the observed deviations from a clean chain-growth polymerization
mechanism, a calculation of the degree of polymerization by processing end-group signals
would give erroneous results.
3.2.4 Investigation of Thermal Properties
Thermal properties of the thiazole containing copolymers were investigated by TGA
and DSC measurements under nitrogen. TGA exhibited high thermal stability with
decomposition temperatures at 5% weight loss above 410 °C (Figure 3.31). Exemplarily,
P(NDIR-Tz2) batch TE241-CF showed a slightly higher stability than P(NDIR-TzVTz)
batch TE248-CF (431 °C versus 412 °C). Maximum decomposition rates were determined
to be 451 °C and 445 °C, respectively.
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Figure 3.31: TGA curves showing the weight loss and decomposition temperatures at 5% weight
loss Td (top) as well as the derivative weight loss and peak decomposition rate temperature Td, max
(bottom) for TE241-CF and TE248-CF as representatives for P(NDIR-Tz2) and P(NDIR-TzVTz),
respectively.
Figure 3.32 presents the results of DSC measurements of P(NDIR-Tz2) (left) and P(NDIR-
TzVTz) copolymers (right) and provides a comparison with a related thiophene analog,
P(NDI2OD-T2) and P(NDI2OD-TVT) (equal to PNDI-TVT100, discussed in Chapter
3.1), respectively.
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Figure 3.32: DSC analyses of P(NDIR-Tz2) (left, blue: TE241-CF, green: TE203-CB) and
P(NDIR-TzVTz) copolymers (right, blue: TE248-CF, green: TE196-CF) in comparison with
a corresponding thiophene analog (light green). Respective upper curves present the second
heating scans, lower curves the first cooling scans.
During the heating scan P(NDI2OD-Tz2) (left, green) clearly exhibits an endothermic
phase transition at a peak temperature of 323 °C assigned to the melting of the polymer
backbone. The corresponding crystallization was observed by the exothermic peak on
the cooling curve with a peak temperature of 317 °C. Three successive heating-cooling
cycles revealed reversibility of endo- and exothermic processes (ΔH=6.9 J/g and -6.8 J/g)
being an evidence for the excellent thermal stability in this temperature range. Higher
melting and crystallization peak temperatures in comparison with the thiophene analog
P(NDI2OD-T2) (left, light green: 307 °C and 293 °C, respectively) indicate stronger
interactions probably enabled by a higher degree of coplanarity and/or polarity caused by
replacing one carbon atom by a nitrogen atom when going from tiophene to thiazole.[285]
In contrast the sample with longer side chains P(NDI2DT-Tz2) (left, blue) did not show
reversible transitions in DSC scans when heated up to 380 °C. Occurring exothermic and
endothermic signals at peak temperatures of 362 °C and 319 °C, respectively, vanished in
subsequent heating-cooling cycles highly probably due to the closeness to the decomposition
temperature. On the other hand, reducing the heating limit to 300 °C revealed weak but
very reproducible endo- end exothermic signals (ΔH=2.4 J/g and -2.4 J/g) with peak tem-
peratures of 251 °C and 243 °C during seven heating-cooling cycles. The impact of replacing
2OD by 2DT on thermal phase transitions could not be extracted from the previously cited
work of Shin[269] and Mei[268] because no peaks occurred in DSC measurements of their
studied polymer series. But as shown by Chen et al.[127] for P(NDIR-TVT) copolymers,
the replacement effects a slight decrease in melting/crystallization peak temperatures
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by -25K/ -17K (R=2OD: 277 °C/235 °C, R=2DT: 252 °C/218 °C) suggesting weaker
interactions due to slightly increased spacing between polymer chains. In the present case
the difference is much higher, -72K and -74K for the reversible peaks and +39K and
+2K for the irreversible signals. At this stage assigning the signals is not unequivocally
possible, but side chain ordering at the lower temperatures and backbone melting close to
the decomposition temperature might be an explanation what could further be clarified
by X-ray scattering experiments.
Surprisingly, thermal phase transitions were not observed in DSC measurements of P(NDIR-
TzVTz) (Figure 3.32, right, blue and green) although a reduction of melting and crys-
tallization temperatures resulted by comparing P(NDI2OD-T2) (left, light green) and
P(NDI2OD-TVT) (right, light green).
3.2.5 Investigation of Optoelectronic Properties
The optical properties of P(NDIR-2Tz) and P(NDIR-TzVTz) copolymers were investigated
by thin-film UV/Vis absorption spectroscopy and compared to those of the respective
thiophene analogs (Figure 3.33, Table 3.9). The absorption spectra of the parent thiophene-
based P(NDI2OD-T2) copolymer (Figure 3.33, left: light green) consists of two spectral
features, a high-energy band at 393 nm and a low-energy band centered at 700 nm attributed
to the pi→pi*- and the intramolecular charge-transfer transition (n→pi*), respectively. The
spectra of the related P(NDIR-2Tz) samples TE241-CF (R=2DT, left: blue) and TE203-
CB (R=2OD, left: green) are almost congruent with each other and do also present both
characteristics but being blue-shifted to higher energies with the corresponding maxima at
≈ 366 nm and 588 nm, respectively. Thus, the optical band gap energies extracted from the
absorption edge show higher values of ≈ 1.80 eV in contrast to 1.47 eV for the P(NDI2OD-
T2) (Table 3.9). Additionally, the replacement of two carbon atoms with nitrogen atoms
did not only cause the hypsochromic shift of the CT-band / n→pi*-transition but also led
to a significant increase in intensity by approximately 100% subject to normalizing the
spectra to the intensity of the pi→pi*-transition. This might be explainable by doubling the
number of nonbonding electron pairs in the donor unit from two to four when going from
T2 to Tz2. In detail, in P(NDI2OD-T2) all atoms of the thiophene rings are sp2-hybridized
whereas the sulfur atom, having six outer electrons, contributes by one electron pair in the
3pz-orbital to the aromaticity of the thiophenic 6-pi-electron system. The remaining four
electrons are distributed over the three 3sp2-hybrid orbitals leading to two singly occupied
3sp2-orbitals forming the σv-bonds to C-2 and C-5 atoms and a doubly occupied 3sp2-
orbital, representing the nonbonding electron pair. Thus, the pi-electron excessive donor
moiety T2 contains two nonbonding electron pairs for the optical CT-/n→pi*-transition in
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P(NDI2OD-T2). Based on the same sp2-hybridization, in P(NDIR-2Tz) the 6-pi-electron
aromaticity of each thiazole is formed by four singly occupied 2pz-orbitals (three C-atoms
and one N-atom) and by one doubly occupied 3pz-orbital (S-atom). The four remaining
outer electrons of the N-atom are occupying the three 2sp2-hybrid orbitals resulting in two
singly occupied 2sp2-orbitals forming the σv-bonds to C-2 and C-4 atoms and one doubly
occupied 2sp2-orbital, demonstrating the nonbonding electron pair. In conclusion, together
with the nonbonding electron pairs of the sulfur atoms the donor moiety Tz2 now provides
the doubled number of four nonbonding electron pairs for the optical CT-/n→pi*-transition
in P(NDI2OD-Tz2) compared with P(NDI2OD-T2), probably leading to the doubling in
intensity.
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Figure 3.33: Thin-film UV/Vis absorption spectra of P(NDIR-Tz2) (left, blue: TE241-CF,
green: TE203-CB) and P(NDIR-TzVTz) copolymers (right, blue: TE248-CF, green: TE196-CF)
in comparison with a corresponding thiophene analog (light green). Spectra were normalized to
the high-energy band and extracted data are listed in Table 3.9.
The collection of the spectra of copolymers with vinylene-bridged thiazoles/thiophenes
(Figure 3.33, right) displays a similar picture. Replacing thiophenes by thiazoles caused a
hypsochromic shift of the high-energy pi→pi*-transition band from 409 nm to ≈ 387 nm and
of the low-energy intramolecular CT-band (n→pi*-transition) from 727 nm to ≈ 626 nm.
Correspondingly, the optical band gap energy increased from 1.41 eV to ≈ 1.68 eV. In
accordance with the previous case, the intensity of the CT-band approximately doubles
when going from P(NDI2OD-TVT) to P(NDIR-TzVTz), again attributable to the increased
number of nonbonding electron pairs from two to four. In contrast to P(NDI2OD-
T2) /P(NDIRTz2) the CT-bands are accompanied by the appearance of a shoulder to
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higher wavelengths at ≈ 790 nm and ≈ 667 nm, respectively, what indicates excitonic
interactions enabled by the presence of pi-stacks and interchain interactions and implies
stronger aggregation. Finally, comparing respective batches without and with vinylene-
linkage reveals a red shift of both spectral features, the high- and low-energy band, which
can be explained by the reduced rotational freedom around the thiazole-thiazole/thiophene-
thiophene single bonds and the decreased aromatic stabilisation resonance energy (enhanced
delocalization/extended pi-electron system) of the donor unit increasing the overall donor
ability.[127,286]
Table 3.9: Optical properties of P(NDIR-Tz2) and P(NDIR-TzVTz) copolymers and respective
thiophene analogs
Copolymera λabsmaxb [nm] λabsonsetc [nm] Eoptg d [eV]
P(NDI2DT-Tz2) 368, 588 688 1.80
P(NDI2OD-Tz2) 363, 588 687 1.80
P(NDI2OD-T2) 393, 700 842 1.47
P(NDI2DT-TzVTz) 384, 624, s667 739 1.68
P(NDI2OD-TzVTz) 389, 628, s667 741 1.67
P(NDI2OD-TVT) 409, 727, s790 880 1.41
a Batches as listed in descending order: TE241-CF, TE203-CB, comparative
sample from Polyera, TE248-CF, TE196-CF, PNDI-TVT100. bDrop-casted
films on glass substrates. cDetermined from the absorption edge in thin film
UV/Vis spectrum. d Calculated by Egopt=1240 nm/ λabsonset [eV].
The electrochemical behavior and LUMO energy levels of P(NDIR-Tz2) and P(NDIR-
TzVTz) copolymers were investigated by thin-film CV measurements using a non-aqueous
silver/silver ion reference electrode and ferrocene as external standard. P(NDIR-Tz2)
voltammograms reveal a very high degree of congruence and present two reversible re-
ductions with the corresponding redox potentials (En1/2) located at ≈ -0.82V (n=1) and
≈ -1.18V (n=2) (Figure 3.34, left: blue and green). The two reversible reductions of the
thiophene analog (left: light green) are significantly shifted to more negative potentials
by approximately -0.15V and -0.13V, respectively. With regard to the literature,[201–203]
LUMO energies of pi-conjugated polymers in the film state were determined from the
onset potential of the first reduction (Table 3.10). As obvious from the indicated shift of
the reduction onset (Figure 3.34), the replacement of thiophenes with thiazoles led to a
decrease in LUMO energy. Calculations resulted in a lowering by ≈ -0.11 eV from -3.99 eV
to ≈ -4.10 eV what could potentially reduce the injection barrier for electrons in organic
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electronic devices (Table 3.10). By involving the optical band gap energy, corresponding
HOMO energies were calculated to -5.46 eV for P(NDI2OD-T2) and to ≈ -5.90 eV for
P(NDIR-Tz2).
Due to the almost identical UV/Vis absorption spectra, CV curve shapes and onset
reduction potentials and of both P(NDIR-Tz2) copolymers (Figure 3.33 and 3.34, left:
blue and green), no indications for an impact of the side-chain variation on optoelectronic
properties were evident.
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4
-10
-8
-6
-4
-2
0
2
4
6
8
P(NDIR-Tz2)
N
o
rm
al
iz
e
d 
cu
rr
e
n
t [a
.
u
.
]
Potential vs. Ag/Ag+ [V]
 P(NDI2DT-Tz2)
 P(NDI2OD-Tz2)
 P(NDI2OD-T2)
Shift of 
reduction onset
-1.6 -1.4 -1.2 -1.0 -0.8 -0.6 -0.4
-12
-10
-8
-6
-4
-2
0
2
4
6
8
P(NDIR-TzVTz)
N
o
rm
al
iz
e
d 
cu
rr
e
n
t [a
.
u
.
]
Potential vs. Ag/Ag+ [V]
 P(NDI2DT-TzVTz)
 P(NDI2OD-TzVTz)
 P(NDI2OD-TVT)
Shift of 
reduction onset
Figure 3.34: Normalized thin-film cyclic voltammograms of P(NDIR-Tz2) (left, blue: TE241-CF,
green: TE203-CB) and P(NDIR-TzVTz) copolymers (right, blue: TE248-CF, green: TE196-CF)
in comparison with a corresponding thiophene analog (light green). Onset reduction potentials
and HOMO/LUMO energies are listed in Table 3.10 and displayed in Figure 3.35.
The P(NDIR-TzVTz) copolymers also show two reversible reductions with redox potentials
at ≈ -0.89V and ≈ -1.15V (Figure 3.34, right: blue and green). Onset reduction potentials
slightly differ by 0.03V resulting in LUMO energies of -4.06 eV for P(NDI2DT-TzVTz)
and -4.09 eV for P(NDI2OD-TzVTz) (Table 3.10). Although the same small deviation in
LUMO energies of 0.03 eV was also reported by Chen et al.[127] for the respective thiophene
analogs P(NDI2DT-TVT) and P(NDI2OD-TVT), the difference is highly probably caused
by a different film quality rather than by an effect of the side-chain extension. In good
accordance with the previous copolymer series, replacing thiophene by thiazole units
reduces LUMO energies by ≈ -0.08 eV from -4.00 eV to ≈ -4.08 eV. HOMO energies were
determined to be -5.41 eV and ≈ -5.75 eV, respectively. Finally, the performed CV analysis
confirms reported literature values for HOMO/LUMO energies of both known thiophene-
based copolymers, P(NDI2OD-T2) and P(NDI2OD-TVT).[126,127,207,287]
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Table 3.10: Electrochemical properties of P(NDIR-Tz2) and P(NDIR-TzVTz) copolymers and
respective thiophene analogs
Copolymera E1onset,redb [V] ELUMOc [eV] EHOMOd [eV]
P(NDI2DT-Tz2) -0.80 -4.09 -5.89
P(NDI2OD-Tz2) -0.79 -4.10 -5.90
P(NDI2OD-T2) -0.90 -3.99 -5.46
P(NDI2DT-TzVTz) -0.83 -4.06 -5.74
P(NDI2OD-TzVTz) -0.80 -4.09 -5.76
P(NDI2OD-TVT) -0.89 -4.00 -5.41
a Batches as listed in descending order: TE241-CF, TE203-CB, sample from Polyera, TE248-CF,
TE196-CF, PNDI-TVT100. bOnset potential of the first reduction, extracted from CV curves as
indicated in Figure 3.34, in average for at least two measurements and referred to external Fc/Fc+
redox couple E1/2(Fc/Fc+)= 0.088V. cObtained from CV: ELUMO= -4.98 - E1onset,red +E1/2(Fc/Fc+).
d Calculated by EHOMO=E LUMO - Egopt.
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Figure 3.35: Experimentally determined HOMO and LUMO energies by CV and thin-film
UV/Vis absorption spectroscopy of non-vinylene-bridged P(NDIR-Tz2) and vinylene-bridged
P(NDIR-TzVTz) copolymers and respective thiophene analogs. Batches as listed from left to
right: TE241-CF, TE203-CB, sample from Polyera, TE248-CF, TE196-CF, PNDI-TVT100.
The graphical summary of HOMO and LUMO energies, as presented by Figure 3.35,
demonstrates again their invariance towards side-chain variation (blue and green) and
the small lowering in LUMO energy by ≈ -0.09 eV caused by replacing thiophenes by
thiazoles (light green vs. blue/green). But, furthermore, it also reveals that incorporating
vinyl-linkages (left vs. right) did not significantly affect the position of the LUMO level in
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the respective thiazole- (≈ -4.09 eV) or thiophene-based NDI copolymers (≈ -4.00 eV). That
implies a preferential localization of the LUMO orbital on the NDI unit with only a minor
contribution of the donor moiety. In contrast, the incorporation of vinyl-linkages raises
HOMO energies in the thiazole-containing copolymers by ≈ 0.15 eV while for thiophene-
based copolymers only a very weak increase of 0.05 eV could be detected being close to
the inaccuracy of the determination method.
3.2.6 Computational Results by DFT Calculations
Density functional theory (DFT) calculations were performed by Florian Günther (Ion
Beam Physics and Materials Research, Helmholtz-Zentrum Dresden-Rossendorf) in order
to evaluate the effect of replacing thiophene by thiazole on the coplanarity of the polymer
backbone. To reduce the computational expense the respective copolymers were thereby
described by symmetric NDIMe-Donor-NDIMe model structures where the donor unit
is surrounded by single NDI units and long alkyl side chains were replaced by methyl
groups (Figure 3.36). Furthermore, with regard to reported studies, the donor units are
considered to form a highly planar structure.[127,211,288]

torsion angle

Figure 3.36: NDIMe-Donor-NDIMe model structures of investigated copolymers for DFT
calculations aiming at evaluating the coplanarity with the torsion angle τ.
In order to assess the coplanarity, the geometry of the model structures was optimized
using a plane wave (PW) basis, pseudopotentials and the Perdew-Burke-Ernzerhof (PBE)
functional[289] as it is implemented in Quantum Esspresso.[290] From this, the dihedral
angle between NDI and adjacent thiophene/thiazole units τ, also referred to as torsion
angle, was extracted.
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The calculations revealed a high degree of planarity for the donor units (respective dihedral
angles below 3 °) but a considerable torsion of the backbone at the connection to the NDI
units. Very similar torsion angles of 38 ° and 37 ° were obtained for the representative
structures of P(NDIR-T2) and P(NDIR-TVT), respectively, showing good agreement
with reported values (≈ 41 ° and 40 °).[127,210,211] The intention of replacing thiophene by
thiazole was to planarize the copolymer backbone by eliminating steric repulsion between
NDI-oxygen atoms and protons of the donor unit as indicated for P(NDIR-T2) in Figure
3.37 (top). However, the computational results even exhibited a significant increase in
torsion angles to 50 ° and 49 ° for P(NDIR-Tz2) and P(NDIR-TzVTz) model structures,
respectively.
NDIMe-T2-NDIMe 
steric repulsion 
τ 
τ 
τ 
τ 
NDIMe-Tz2-NDIMe 
Figure 3.37: Steric repulsion in NDIMe-Donor-NDIMe model structures of P(NDIR-T2) (top)
and P(NDIR-Tz2) (bottom). Color-atom-assignment: blue - nitrogen, gray - carbon, pink -
nitrogen lone pair, red - oxygen, yellow - sulfur and white - hydrogen.
The increase of torsion angles points out to a stronger steric repulsion between the oxygen
atom and the nitrogen lone pair (Figure 3.37, bottom) compared to the CH-proton plus
bonding electron pair (top). This can further be explained by the greater volume taken by
lone pair electrons due to minimizing mutually repulsive interactions.[291] Additionally, the
calculations demonstrate that the present incorporation of vinyl linkages between donor
units do not influence the coplanarity what confirms current reports about NDI-based
polymers.[127]
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In conclusion, the experimentally determined increase in optical band gap energy by
≈ 0.33 eV (T2→Tz2) and ≈ 0.27 eV (TVT→TzVTz) can definitely be attributed to a
considerable extent to the increased dihedral angle (in addition to the introduction of
electron-withdrawing nitrogen atoms), causing reduced orbital overlapping and, thus,
decreased delocalization of pi-electrons. Nevertheless, other parameters such as bond length
alternation, aromatic stabilization resonance energy, and intermolecular interactions also
contribute to the band gap energy.[286]
3.2.7 Investigation of Charge Transport Properties
Although investigating the electronic properties of the novel thiazole-containing copolymers
was only recently started by the group of Prof. Facchetti (Polyera Corporation in Skokie,
Illinois, USA), first promising preliminary results can be presented in this section while on-
going studies focus on device optimization and improving material processing. To analyze
the charge transport properties, TGBC-OFETs were fabricated by spin-coating thin films
of the copolymers on Corning glass substrates with vapor deposited gold source/drain
electrodes followed by PMMA as gate dielectric and thermally evaporated aluminum
gate electrodes. Transfer characteristics were measured under ambient conditions at
source/drain voltages of 60V and field-effect mobility values (µ) were calculated according
to the gradual channel approximation.[233] In general, all thiazole-containing copolymers
revealed typical n-type charge transport properties with average electron mobilities in the
range of 0.04 cm2/Vs to 0.5 cm2/Vs. Thereby, P(NDI2OD-Tz2) copolymers with different
molecular weights did not exhibit better electrical performance (Figure 3.38, left) which
could highly probably be caused by the more challenging processibility of high molecular
weight batches negatively affecting the thin-film quality. Nevertheless, electron mobilities
were approaching 0.1 cm2/Vs and the threshold voltage was determined to be about 9V. An
initiated study investigating the effect of the annealing temperature revealed a significant
increase in mobility values for both P(NDIR-Tz2) copolymers (Figure 3.38, right). For
P(NDI2DT-Tz2) the electron mobility could be increased by one order of magnitude to
0.5 cm2/Vs by raising the annealing temperature from 120 °C to 300 °C whereas a further
increase in temperature to 350 °C revealed to be detrimental. Thus, P(NDI2DT-Tz2)
demonstrated mobility values comparable with its thiophene analog P(NDI2DT-T2).[292]
However, even if the measurement series was not finished at this time the results so far
show that P(NDI2OD-Tz2) performs slightly better leading to the assumption that electron
mobilities as high as 1 cm2/Vs might be achievable by optimizing processing and annealing
conditions. Even though investigations focused on P(NDIR-Tz2)s first OFETs based on
P(NDIR-TzVTz) copolymers (TE194-CF/CB) also demonstrated electron mobilities of
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about 0.1 cm2/Vs making them promising candidates for further experiments, too.
The absence of any p-type transport, as for instance discussed for the thiophene analog
PNDI-TVT100 (Chapter 3.1.9), can be explained by the low-lying HOMO energy levels
creating a high energy mismatch with the gold electrodes and, thus, a large injection
barrier for holes.
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Figure 3.38: Left: Transfer curves of P(NDI2OD-Tz2) copolymer batches with different number-
average molecular weights showing similar saturation electron mobilities upon annealing at
120 °C. Right: Comparison of saturation electron mobility of P(NDI2DT-Tz2) TE241-CF and
P(NDI2OD-Tz2) TE203-CB depending on the annealing temperature after spin coating the
semiconductor.
3.2.8 Summary
This chapter presented the challenging synthesis of novel thiazole-containing naphthalene
diimide-(NDI)-based copolymers structurally analogous to the well-reported high-mobility
copolymers P(NDIR-T2), also known as Polyera Activink N2200,[96, 126,266,292] and P(NDIR-
TVT).[127,128] Furthermore, the investigation of their thermal, optoelectronic and charge
transport properties as well as DFT calculations towards their molecular structure were
discussed in relation to the respective tiophene analogs.
For the synthetic part, the thiazoles of the donor moiety should be linked via C-2 to
the NDI unit to enable a possible planarization of the backbone, initially being twisted
by ≈ 38 ° (according to DFT calculations). The backbone torsion thereby originates
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from steric repulsions between NDI oxygen atoms and thiophene protons. Preparing the
desired copolymers P(NDIR-Tz2) and P(NDIR-TzVTz) (Figure 3.39) hold considerable
synthetic challenges caused by the strongly reduced electron density on thiazole carbon
atoms, compared to thiophene, due to the strong electron-withdrawing character of
the implemented nitrogen atom. Hence, 2,2’-distannylated dithiazole comonomers for
straightforward Stille coupling polycondensations could not be obtained pure and isolated
because of substantial instability and fast decomposition.
τ - torsion angle 
τ ≈ 50 ° 
Steric repulsion 
τ τ 
Figure 3.39: Properties of the synthesized thiazole containing NDI-based semiconducting
copolymers P(NDIR-TzVTz) and P(NDIR-Tz2).
Alternatively, direct arylation polymerization (DAP), bypassing the need for stannylated
comonomers, did not result in polymers or oligomers, even though most efficient conditions
for high molecular weight P(NDIR-T2) were used as reported by Matsidik.[12] Changing
the strategy to aiming at synthesizing NDIRTz2-Br2 as comonomer, where thiazoles are
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already incorporated into the NDI-based molecule, afforded in a first step NDIRTz2 in
excellent yields by convenient Stille coupling. However, due to the tremendous electron
deficiency, the resistence of NDIRTz2 against established bromination procedures turned
out to be very high, even under mild or harsh acidic conditions or by using selective or
strong bases. Nonetheless, a combination of bromine and pyridine was identified to allow a
successful bromination by in situ generating N -bromopyridinium bromide which provides
a very strongly electrophilic bromine atom. Additionally, pyridine neutralizes possibly
disrupting HBr appearing as by-product. Thus, the preparation of P(NDIR-Tz2) and
P(NDIR-TzVTz) was enabled by Stille coupling polycondensations using hexamethylditin
and trans-1,2-bis(tributylstannyl)ethene, respectively. However, employing ditin com-
pounds only led to low molecular weight polymers, as commonly observed. This drawback
was subsequently circumvented by the homopolymerization of NDIRTz2-Br2 via applying
the active zinc polymerization. This unique chain-growth polymerization, which was origi-
nally discovered by Senkovskyy and Kiriy et al. for P(NDI2OD-T2),[189] further allowed
to control the molecular weight of the synthesized P(NDIR-Tz2)s copolymers. Finally,
the very challenging solubility of P(NDI2OD-Tz2) and P(NDI2OD-TzVTz) equipped with
2-octyldodecyl (2OD) side chains could be improved significantly. This was achieved by
using the subsequently synthesized (co-)monomer NDI2DTTz2-Br2 where slightly enlarged
2-decyltetradecyl (2DT) side chains were implemented. All in all, chloroform/chlorobenzene
soluble P(NDIR-Tz2)s and P(NDIR-TzVTz)s could be synthesized with number-average
molecular weights in the range of 6.2 - 36.1 kg/mol and 11.7 - 35.6 kg/mol, respectively
(Figure 3.39). Furthermore, the synthetic procedures are considered to be applicable to
introduce oxazoles in the same way.
Thermal analyses by TGA demonstrated high thermal stability for P(NDIR-Tz2)s and
P(NDIR-TzVTz)s with decomposition temperatures at 5% weight loss above 410 °C. DSC
measurements revealed a considerable shift of melting and crystallization transition to
higher temperatures in comparison with the related thiophene analogs P(NDIR-T2) and
P(NDIR-TVT), indicating stronger interactions possibly enabled by increased backbone
planarity and closer pi-pi-stacking and/or by enhanced interchain interactions due to the
increased polarity in the donor unit. Eventually, P(NDIR-TzVTz)s did not show any phase
transition up to 350 °C. In this context, the thin-film morphology and structural ordering
should be investigated in the future.
The investigation of optoelectronic properties by UV/Vis absorption spectroscopy and CV
indicated a predominant localization of the LUMO orbital on the NDI unit, thus being only
slightly effected by the replacement of thiophene with thiazole (≈ -4.00 eV to ≈ -4.09 eV).
HOMO energies significantly decreased by ≈ -0.44 eV from P(NDIR-T2) to P(NDIR-Tz2)
and by ≈ -0.34 eV from P(NDIR-TVT) to P(NDIR-TzVTz) what finally resulted in higher
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band gap energies compared the thiophene analogs (respective values summarized in
Figure 3.39). Furthermore, the incorporation of vinyl linkages into the donor unit raised
the HOMO energy by ≈ 0.15 eV from P(NDIR-Tz2) to P(NDIR-TzVTz). Remarkably,
UV/Vis measurements exhibited an increase in intensity of the low-energy charge transfer
band (n→pi* transition) by ≈ 100% with incorporating thiazoles, attributed to doubling
the number of non-bonding electrons in the donor unit. In addition to that, stronger
aggregation was demonstrated by the copolymers with vinyl linkages, P(NDIR-TVT) and
P(NDIR-TzVTz).
In contrast to a possible planarization of the polymer backbone, DFT calculations per-
formed on model structures even revealed a significant increase in torsion angle between
NDI and adjacent thiazole units by ≈ 12 ° compared to the thiophene analogs. This
result thereby originates from the greater spatial demand of the lone pair of the thiazole
nitrogen atom than the bonding C-H electron pair in thiophene, causing an enhanced
repulsion with the NDI oxygen atom (Figure 3.39). Thus, it can be postulated that the
solubility decreased due to strengthened interchain interactions caused by nontraditional
CH···N hydrogen-bonding interactions[243] and by the increased polarity in the donor unit.
This assumption is supported by the findings of Liu et al.[293] who showed for a series
of conjugated small molecules that replacing 2,2’-bithiophene by 5,5’-bithiazole led to a
reduction in pi-pi-stacking distance of the planar molecules by 0.3Å.
Despite the challenging processibility, first P(NDIR-Tz2)- and P(NDIR-TzVTz)-based
TGBC-OFETs demonstrated electron mobilities approaching 0.1 cm2/Vs. An optimization
of the annealing temperature further led to an increase to 0.5 cm2/Vs for P(NDI2DT-Tz2)
making it comparable with its thiophene analog.[292] In relation to the findings presented in
the previous main section (Chapter 3.1), it is assumed that the efficient electron transport
can again be attributed to a favorable electronic LUMO topology and strong interchain
interactions while the substantially lowered HOMO energy impeded any hole transport.
In conclusion, the successful preparation of the novel building block NDIRTz2-Br2 will
provide access to new pi-conjugated polymers with strong intermolecular interactions and a
favorable platform charge transport, making them interesting candidates for applications
in organic electronic devices.
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3.3 Diketopyrrolo[3,4-c]pyrrole-Based Copolymers
3.3.1 Introduction
During the last decade, pi-conjugated D-A polymers based on the acceptor unit diketopyrrolo-
[3,4-c]pyrrole (DPP) have been intensively studied for various applications in organic
electronics, especially for OFETs and OSCs, and have demonstrated capability to allow
high charge carrier mobilities and solar cell efficiencies. [19, 101,139,141,294–297] As DPP-based
polymers were also investigated in this work, the following two subsections will present the
synthesis of DPP-based monomers and the commonly used Stille coupling polymerization.
Afterwards, the last chapter will discuss the influence of synthetic and processing conditions
on the charge carrier mobility in OFETs.
3.3.2 Monomer Synthesis
The basic structural unit of this class of semiconducting polymers, 3,6-di(thiophen-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H )-dione (DPPHT2), was synthesized via the succinic
ester route introduced by Iqbal et al. in 1988.[298] Thereby, two 2-thiophenecarbonitrile
units (T-CN) condense with a succinic ester in the presence of a sterically hindered base
(first reaction, Figure 3.40). The latter was freshly prepared by reacting sodium with
2-methyl-2-butanol (trivial name: tert-amyl alcohol) simultaneously acting as solvent for
the entire condensation reaction. A catalytic amount of iron(III) chloride was added to
accelerate the surface area limited conversion of the sodium pieces normally requiring
several hours to overnight. In good accordance with the literature,[299] the reaction time
could be reduced in this way to about 45 - 60min. First syntheses were performed using
the most inexpensive dimethyl succinate and reaction times of about three hours affording
solid DPPHT2 in 60% yield. Efforts to improve the yield comprising an increase in
the equivalents of the base (4.8 eq.) and/or T-CN (3.0 eq.) as well as extending the
reaction time to 17 h were not successful (yields about 40 - 56%) in contrast to respective
literature reports (83 - 92%).[300,301] However, using the diethyl pendant of the succinate
while maintaining the changed conditions led to higher yields of about 76%, a relative
increase of more than 25%. The obtained yields are in good agreement with published
values.[302–304]
DPP-based structures without solubilizing side chains show very low solubility in most
common solvents due to very strong intermolecular hydrogen bonding and pi-pi-stacking
interactions.[305]Although this is beneficial for their commercial application as pigments, it
is detrimental for solution processing.[306] For this reason, DPPHT2 was then modified
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by N -alkylation of the lactam group. The required alkyl halide I-2OD was accessible
quantitatively and in high purity from the commercially available alcohol 2OD-OH by a
Mukayama redox condensation, initially invented for peptide synthesis.[307,308]
Figure 3.40: Synthesis of the DDP-based dibromo monomer DPP2ODT2Br2 in three steps
starting from 2-thiophenecarbonitrile T-CN.
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The N -alkylation reaction was performed in DMF using catalytic amounts of 18-crown-6
to support the dissolution of potassium carbonate and the deprotonation of DPPHT2
as well as the substitution reaction by suppressing ion-pairing. The 2-octyldodecyl side
chains (2OD) were chosen because of the enhanced solubility effect caused by the branched
architecture in comparison with non-branched alkyl chains. The well-soluble DPP2ODT2
was obtained in yields of about 40%, being in accordance with published procedures (32 -
49%).[295,309] Moderate yields thereby originate from various side reactions, such as (I) the
hydrolysis by traces of water or (II) the elimination of hydrogen iodide what results in the
respective alcohol or olefin. Furthermore, with regard to the DPP center, monoalkylation
and O-alkylations of the lactam group compete with the aspired N -alkylation, as discussed
in the literature.[302]
The final electrophilic aromatic substitution with NBS to the monomer DPP2ODT2Br2
showed a strong dependence on the reaction medium. Published procedures using a
mixture of chloroform and acetic acid were found to be well reproducible,[310] yielding the
target DPP2ODT2Br2 in 67% yield (versus 64% reported). However, performing the
bromination in pure chloroform from 0 °C to room temperature overnight led to yields
after intensive purification via column chromatography as high as 88%, being among the
highest reported in the open literature so far.[295,309,311,312] In contrast to well-proceeding
brominations of thiophene derivatives with NBS in THF, here the yield dropped down to
only 37% what could be caused by a worse solubility of the starting material in comparison
to chloroform.
To further broaden the array of accessible polymer structures, DPP2ODT4Br2 was synthe-
sized in two steps based on the DPP2ODT2Br2 (Figure 3.41). The initial Stille coupling
with 2-(tributylstannyl)thiohphene showed only very low conversions of the starting mate-
rials by using Pd(Ph3)4 as the catalyst, confirming observations by Bürckstümmer[313] in a
similar reaction (38% yield). However, employing the catalyst system Pd2dba3 /P(o-Tol)3
allowed to obtain the target DPP2ODT4 within only two hours and in high yields of about
87%. The final bromination was accomplished as described above yielding DPP2ODT4Br2
in 72% yield.
Intensive research on semiconducting polymers has been guided by the aspired goal to
improve material properties. Thereby, adjusting the architecture of the side chains was iden-
tified as an option to substantially influence the thin-film morphology, physical and optoelec-
tronic properties as well as OSC and OFET characteristics and performances.[9, 129,138,314,315]
Usually, side chains are synthesized separately and are attached to the pi-conjugated
structure during the monomer synthesis. In this alkylation step, alkyl halides or the
corresponding primary amines, accessible from the halides via Gabriel synthesis, are
mainly used as alkylating agents or to form amides and imides, respectively.
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Despite the continuous work on the side-chain engineering and how it influences material
properties, a modular synthetic procedure enabling the synthesis of side chains with a
versatile architecture is still missing in the open literature. To add value to overcome this
scientific deficiency, a facile synthesis was developed in the present thesis comprising a
Grignard alkylation and the selective reduction of the resulting tertiary alcohol, as shown
in Figure 3.42 for the preparation of the branched haloalkane 6-dodecyloctadecyl bromide
(Br-6DO).
Figure 3.41: Two-step synthesis of DPP2ODT4Br2 from DPP2ODT2Br2 via Stille coupling
and bromination.
In the first step, the initial alkyl bromide C12-Br was converted to the respective Grig-
nard compound which was subsequently added to the primary bromo ester BrC5COOEt.
Thereby, GC/MS analysis of a quenched sample of the Grignard solution revealed a
high degree of Grignard homocoupling (≈ 37% tetracosane C24H50). To suppress this
unwanted side reaction, reaction conditions were optimized involving lowering addition
rate, temperature, and concentration, or using magnesium with an increased surface area.
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In this way, the respective tertiary alcohol was obtained in 72% yield what could further
be increased to 85% by using commercially the available 1-dodecylmagnesium bromide.
Subsequently, it was of crucial importance to develop a reduction reaction selectively
targeting the tertiary alcohol without cleaving the bond between the carbon and bromine
atom. In 2001 Yasuda et al.[316] reported a high chemoselectivity for the reduction of
alcohols and introduced a reducing agent system consisting of chlorodiphenylsilane as
hydride source and catalytic indium trichloride. In contrast to the published procedure,
reducing the equivalents of chlorodiphenylsilane to 1 eq. was necessary to avoid signifi-
cant debromination reactions. Finally, alkyl halide Br-6DO was obtained in 81% yield,
contributing to a total yield of about 70% for the two-step synthesis.
Figure 3.42: Synthetic route to 6-dodecyloctadecyl bromide (Br-6DO) offering various possibil-
ities for other structurally modified target molecules.
While this approach was successfully developed for the synthesis of 6-dodecyloctadecyl
bromide (Br-6DO), it allows access to various other alkyl halides by varying the starting
materials. According to the design, the bromo ester determines the position of the
branching point (Figure 3.42, red) whereas length and architecture of the branching chains
originate from the initial alkyl halide (Figure 3.42, green). Alternatively, an acyl chloride
can be used instead of an ester structure, too. Here, it must be noted that after the
ester/acyl chloride functionality has reacted with one equivalent of the Grignard compound
a ketone is formed and can directly be attacked by another equivalent of the Grignard
compound (Figure 3.43a). For this reason, a symmetrical side-chain architecture always
results at the end.
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To additionally enable the synthesis of asymmetrically substituted side chains, (terminally)
halogenated Weinreb amides or nitriles should be explored as possible starting materials
(Figure 3.43b and c). In both cases, after the first attack by one equivalent of the Grignard
compound, an intermediate is formed stabilized by chelation or having only a weak
electrophily, respectively. These intermediates do not collapse until the aqueous work-up
releasing the respective ketone. Further alkylation by e.g. metalorganic compounds
followed by the selective reduction of the alcohol should afford the desired asymmetrical
alkyl halides. Furthermore, due to the postulated chemoselectivity of the reduction reaction
other functionalities, such as aryl units, esters, ethers, and many additional examples,
could be tolerated as optional modifications, too.
Figure 3.43: Reaction of Grignard compounds with esters and acyl chlorides (a), Weinreb
amides (b) and nitriles (c) including the closing aqueous work-up.
In the following, the alkyl halide Br-6DO was attached to the DPP core DPPHT2 by
using the above-described procedure for DPP2ODT2 (Figure 3.44). In contrast, the
resulting DPP6DOT2 was obtained in much higher yields than DPP2ODT2 (63% versus
≈ 40%) by only changing the alkyl halide while maintaining all other reaction parameters
constant. Comparing both alkyl halides, Br-6DO and I-2OD, the latter should be much
more sensitive towards elimination reactions at reaction temperatures of about 120 °C due
to a more stabilized double bond of the correspondingly resulting olefin (mono- versus
di-substitution, respectively). In conclusion, the results indicate that especially elimination
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reactions occurring at the alkyl halide are reducing the final yield in the alkylation of
DPPHT2 to a significant extent. Additionally, this presumption is supported when methyl
iodide was used as alkylating agent for the synthesis of DPPMeT2 because side reactions by
elimination are excluded in this case (Figure 3.44). The product DPPMeT2 was obtained
in very good yield of 81% while maintaining the reaction conditions constant but using
10 eq. of methyl iodide due to its low boiling point of roughly 43 °C and the therefore
expected facile volatilization.
Figure 3.44: Alkylation of DPPHT2 using Br-6DO or methyl iodide and the subsequent
brominations towards the target monomers DPP6DOT2Br2 and DPPMeT2Br2, respectively.
The bromination procedure employing NBS again showed very high efficiencies for a
DPP-based molecule with long side chains and, thus, afforded DPP6DOT2Br2 in excellent
yields as high as 93%. However, it failed for the synthesis of DPPMeT2Br2. To explain
this, two effects have to be considered caused by shortening the length of the side chains
to only methyl groups. First, the absence of bulky alkyl chains decreases solubility and
allows stronger intermolecular pi-pi-interactions, both, affecting the reactivity of DPPMeT2.
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Second, since alkyl chains are regarded as electron-donating substituents (positive inductive
(+I-)effect), they increase the electron density of the aromatic system. In comparison, the
methyl group provides a much worse +I-effect than long alkyl chains. Both, circumstances
impair the reactivity of DPPMeT2 towards electrophilic aromatic substitution reactions,
resulting in a very low conversion, selectivity and yield. Varying solvents and/or reaction
temperatures to chloroform / acetic acid (at r.t.), dimethylformamide (at 70 °C) or dimethyl
formamide / acetic acid (at 70 °C) did not afford the target DPPMeT2Br2 but replacing
NBS by bromine. Furthermore, it was found that adding pyridine gave the desirable result
of a complete conversion of the starting material. This was important important for the
purification process because the very low solubility excludes an application of column
chromatography as well as complicates recrystallization (Figure 3.44).
As DPPMeT2Br2 was targeted as a starting compound for scanning tunneling microscopy
investigations and on-surface polymerizations, later conducted by our collaborators (group
of Dr. Francesca Moresco, Chair of Materials Science and Nanotechnology, University
of Technology Dresden), a purity acceptable for physical vapor deposition (PVD) was
required and ensured by sublimation using a standard cold finger apparatus. Due to the
challenging reactivity and solubility of the compound, the final yield after sublimation
amounted 13%. (Note: detailed descriptions of the results achieved by Moresco’s group
are beyond the scope of this thesis but expected to be published in the near future).
Furthermore, in parallel to the scope of work for this thesis, DPP6DOT2Br2 was used
for the synthesis of a DPP-based copolymer exhibiting outstanding conductivities upon
molecular p-doping. Interested readers will find more information about this topic in the
article “High Conductivity in Molecularly p-Doped Diketopyrrolopyrrole-Based Polymer:
The Impact of a High Dopant Strength and Good Structural Order” published in the
Journal Advanced Materials, cited as follows.
Y. Karpov, T. Erdmann, I. Raguzin, M. Al-Hussein, M. Binner, U.
Lappan, M. Stamm, K. L. Gerasimov, T. Beryozkina, V. Bakulev, D. V.
Anokhin, D. A. Ivanov, F. Günther, S. Gemming, G. Seifert, B. Voit,
R. Di Pietro, A. Kiriy, Advanced Materials 2016, 28 (28), 6003–6010,
DOI:10.1002/adma.201506295.
Consequently, the following section will focus on the discussing the polymerization of the
other two monomers, DPP2ODT2Br2 and DPP2ODT4Br2.
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3.3.3 Synthesis of DPP-Based Copolymers
The palladium-catalyzed Stille coupling polycondensation is one of the main synthetic
techniques to obtain pi-conjugated polymers. In 2012 Li et al.[53] reported how replacing the
common catalysts Pd(PPh3)2Cl2 or Pd(PPh3)4 by a catalyst system consisting of Pd2(dba)3
as palladium(0) source and P(o-tol)3 as bulky ligand in a ratio of 1 : 4 led to remarkably
high molecular weights for a DPP-based polymer comprising a thieno[3,2-b]thiophene
unit (P(DPP2ODT2-TT) in Figure 3.45). Thereby, the weak dibenzylideneacetone (dba)
ligands are easily replaced by the phosphines. Thus, according to the stoichiometry, the
14-electron complex Pd(P(o-tol)3)2 in situ forms wich can be regarded as the reactive
catalyst for the coupling reaction. Additionally, changing the solvent from toluene to
chlorobenzene allowed to raise the reaction temperature to 130 °C what resulted in a
further increase of the molecular weight.
The aspired series of DPP-based semiconducting polymers was synthesized by using the
described reaction conditions and employing difunctionalized organotin compounds (Figure
3.45). The cooled reaction solution was poured into a mixture of concentrated HCl and
methanol (volume ratio 1 : 12.5) to eliminate remaining stannyl groups. Afterwards, the
precipitated polymer material was collected and purified by Soxhlet extraction using
methanol, acetone, hexane, dichloromethane, chloroform, and chlorobenzene. Thereby,
oligomers and small polymers were removed by the first solvents and the main polymer
fraction dissolved by the later ones. Finally, after precipitating and drying the material of
final Soxhlet fraction, the DPP-based donor-acceptor polymers were obtained in excellent
yields of above 90% and form heavily colored solutions and stable free-standing films
with metallic gloss (Figure 3.45). As expected, expanding the aromatic repeating unit
changed the color of the polymer solution from blue (P(DPP2ODT2)) to dark turquoise
(P(DPP2ODT2-T)) and dark green (P(DPP2ODT2-T2/TT/TVT)). Furthermore, the
solubility of the polymers was lowered, too (Figure 3.45). While P(DPP2ODT2) and
P(DPP2ODT2-T) were soluble in hexane and dichloromethane (DCM), respectively,
P(DPP2ODT2-T2) and P(DPP2ODT2-TT) could not be dissolved by these solvents but
by chloroform or other stronger aromatic/chlorinated solvents. The most challenging
solubility within this series has P(DPP2ODT2-TVT) which was only partly dissolved
by hot chlorobenzene during Soxhlet extractions. Replacing the DPP-comonomer by
DPP2ODT4Br2 (Figure 3.41) enabled further enlargement of the repeating unit, but
resulted in completely insoluble materials. Since the molecular weight of the pi-conjugated
SCPs influences processibility, morphology and, thus, finally the device performance,
different ways to vary the molecular weight of the desired polymer were explored, such as
preparative gel permeation chromatography (GPC),[317] fractionating the crude material
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Figure 3.45: Synthesis of DPP-based pi-conjugated polymers via Stille coupling polycondensation
according to Li et al.[53]. As exemplarily demonstrated by a P(DPP2ODT2-T) sample, the
obtained polymers form heavily colored solutions (left photo) and stable free-standing films
with metallic gloss (right photo). The mentioned solubility refers to the final fraction of Soxhlet
extractions.
by Soxhlet extraction[318–320] or comonomer ratio variation.[321–323] However, preparative
GPC is limited to small amounts and not suitable for large-scale production. The amount
of a product fraction isolated by Soxhlet extraction fractionation is not predictable and
depends on previously identifying suitable solvents. Additionally, a procedure working for
a specific polymer is not necessarily transferable to another polymer sample. Comonomer
ratio variation is theoretically based on Carothers equation and a straightforward technique
offering remarkable control of the molecular weight but requires very high purity of the
comonomers and exceptionally accurate weighing, as particularly shown by Zhou et al.[323].
Despite these methods, changing the palladium catalyst or catalytic system comprising
a palladium source and a ligand, respectively, offers another option to adjust the final
molecular weight. This strategy targets the mechanism and kinetics of the Stille coupling
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normally being rate-determined by the transmetalation step where the organostannan
attacks the PdII center after the oxidative addition of the previous Pd0 species (Figure
3.46).[161]
Figure 3.46: Simplified schematic description of the mechanism for the palladium-catalyzed
Stille coupling of unsaturated halides (or pseudohalides) with organostannanes involving three
basic steps: oxidative addition, transmetalation and reductive elimination.
While the oxidative addition is favored by an electron-rich Pd0 center suggesting electron-
donating ligands both, transmetalation and reductive elimination, benefit from electron-
withdrawing ligands increasing the electrophily for the transmetalation and accelerate the
C-C-bond formation in the reductive elimination. Additionally, bulky ligands can also
increase the speed of the reductive elimination due to causing steric repulsion with the
present R- and R’-substituent. Therefore, phosphine ligands with intermediate donicity
are very commonly used.
To gain insight into the influence of the catalyst/catalytic system on the molecular weight
for Stille coupling polycondensations, different catalysts and monomer-catalyst feed ratios
were studied. The investigated systems and obtained molecular weights will be discussed
in the following as well as are summarized in the Experimental Part (Chapter 5.6, Table
5.1). Thereby, the polycondensation for P(DPP2ODT2-T) was chosen as model system
due to the good solubility of the polymer material.
Samples were taken at different reaction times and quenched in a mixture of concentrated
HCl and methanol (volume ratio 1 : 12.5). After extracting the organic material, solvents
were removed under reduced pressure. Due to overlaps of monomer and polymer signals
in the 1H-NMR spectra, the reaction samples were investigated by GPC in chloroform
at 40 °C regarding their molecular weights, dispersities and monomer conversions. There,
monomer and polymer sections were well separated. Since the RI detector measures the
difference in the refractive index being proportional to the concentration of the solute,
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the monomer conversion was accessible via the relative proportion of the respective areas.
Exemplarily, Figure 3.47 shows the GPC curve of the sample taken after a reaction time
of 1 h from the synthesis of P(DPP2ODT2-T) catalyzed by Pd(PPh3)4. Processing the
GPC data resulted in 76% polymer fraction (blue) and 24% remaining monomer (green).
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Figure 3.47: GPC curve of the sample taken after a reaction time of 1 h from the synthesis of
P(DPP2ODT2-T) via Stille coupling polycondensation catalyzed by Pd(PPh3)4 in chlorobenzene
at 130 °C. The colors indicate the processed sections assigned to the polymer fraction and the
monomer. Impurities originating from e.g. the solvent were neglected.
First, the polycondensation of P(DPP2ODT2-T) in chlorobenzene at 130 °C catalyzed by
Li’s system, consisting of 0.02 eq. Pd2(dba)3 and 0.08 eq. P(o-tol)3,[53] was investigated in
dependence of the catalyst loading. Figure 3.48 shows that reducing the initial amount
of 0.02 eq. Pd2(dba)3 / 0.08 eq. P(o-tol)3 (dark blue) to 50% (blue) lowers the resulting
number-average molecular weight (Mn) from ≈ 65 kg/mol to ≈ 35 kg/mol.
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Figure 3.48: Number-average molecular weight (Mn) of samples taken at different reaction times
from the synthesis of P(DPP2ODT2-T) via Stille coupling polycondensation in chlorobenzene at
130 °C catalyzed by Pd2(dba)3 /P(o-tol)3 in various concentrations.
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Lowering the catalyst loading further to only 5% (light green) led to mainly dimers
and trimers (Mn≈2 kg/mol). Similar results (Mn≈ 4 kg/mol) were obtained when the
initial 0.02 eq. Pd2(dba)3 were used separately without the P(o-tol)3 ligand (green), thus,
demonstrating the dramatic importance of the phosphine ligand in activating the Pd
catalyst. Moreover, the experiments with 100% (dark blue) and 50% initial catalyst
amount (blue) clearly revealed the unexpected and remarkably high reaction speed never
reported in the open literature before. Thereby, within the first 3min, 71% of the starting
monomer amount was already consumed affording oligomers with Mn of 3700 g/mol
(Ð=1.64). After 6min the monomer conversion was completed and final molecular weights
were obtained within less than fifteen minutes. Further investigation of samples taken at
later reaction times did not show a significant increase in the molecular weights but only
fluctuations in the GPC curve (Figure 3.49). The latter is thereby caused by aggregation
of the polymer chains which is a well-known phenomena for DPP-based pi-conjugated
polymers.
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Figure 3.49: Collection of GPC curves from samples taken at different reaction times from the
synthesis of P(DPP2ODT2-T) via Stille coupling polycondensation in chlorobenzene at 130 °C
catalyzed by 0.02 eq. Pd2(dba)3 / 0.08 eq. P(o-tol)3.
In a second series, the synthesis of P(DPP2ODT2-T) was performed using different cata-
lysts or catalytic systems with a constant catalyst loading of 0.04 eq. [Pd], while varying
the phosphine ligands. All reactions demonstrated a polymerization progress typical for
polycondensations (Figure 3.50).
In comparison with Pd2(dba)3 /P(o-tol)3 (Figure 3.51: dark blue), moderate Mn of
≈ 20 kg/mol were obtained by employing Pd(PPh3)4 (blue). This results confirms the
trend reported by Li[53] and Xiao[319] for another DPP-based and benzodithiophene-
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benzothiadiazole-based copolymer, respectively. Additionally, the polycondensation is
proceeding with a lower reaction speed. Monomers were completely consumed after 2 h
and final molecular weights detected after 5 h (Figure 3.51). The reduced reactivity can
be explained by the higher stability of Pd(PPh3)4 due to the complexation by four triph-
enylphosphine ligands forming a stable 18-electron complex (versus the in situ generated
14-electron complex Pd(P(o-tol)3)2 ). Since a 14-electron Pd(0) complex is proposed to
be the catalytic active species in palladium-catalyzed coupling reactions, the dissociation
of two PPh3 ligands is additionally necessary before enabling the catalytic cycle. Thus,
the equilibrium position of the dissociation determines the concentration of the reactive
catalyst Pd(PPh3)2.
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Figure 3.50: Number-average molecular weights (Mn) in dependence of the monomer conversion
for the synthesis of P(DPP2ODT2-T) via Stille coupling polycondensation in chlorobenzene at
130 °C catalyzed by the indicated Pd catalysts with a constant loading of 0.04 eq [Pd]. Data were
determined by GPC measurements of raw samples in CHCl3 at 40 °C and processed based on a
calibration with PS standards (for experimental details see Chapter 5.6.2).
Catalysts comprising the bulky, electron-donating phosphine ligand P(t-Bu)3 further
showed a slightly lower performance yielding P(DPP2ODT2-T) with Mn in the range of
7 - 15 kg/mol (Figure 3.51: yellow, green, light blue). Although lower Mn were achieved by
Pd(P(t-Bu)3)2 (green) and Pd2(dba)3 /P(t-Bu)3 (yellow), both catalysts revealed very high
reaction speeds. Highest molecular weights of about 11 kg/mol and 7 kg/mol, respectively,
and a consumption of the monomers was detected after only 12min. In contrast, the lowest
coupling rate was observed by using the respective Pd(II) counterpart Pd(P(t-Bu)3)2Cl2,
affording a complete consumption of the monomers within 10 h but yielding slightly higher
Mn of about 15 kg/mol (Figure 3.51: light blue).
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Figure 3.51: Number-average molecular weight (Mn) of samples taken at different reaction times
from the synthesis of P(DPP2ODT2-T) via Stille coupling polycondensation in chlorobenzene at
130 °C catalyzed by different Pd catalysts (0.04 eq [Pd]).
In conclusion, the presented study clearly pointed out for the first time extremely high
reaction rates for the synthesis of a DPP-based copolymer via Stille coupling polycondensa-
tion. Thus, using the applied reaction conditions enables to drastically reduce the reaction
time from 3d to about 15min without utilizing a microwave reactor. Moreover, this
consequently allows to accelerate the material production and to save more than 99% of
the heating energy for the polymerization. Employing the presented catalysts additionally
allowed access to different molecular weights of P(DPP2ODT2-T). Finally, these findings
are expected to be transferable to the synthesis of other DPP-based polymers and, most
probably, to other pi-conjugated donor-acceptor polymers.
3.3.4 Impact of Reaction and Processing Conditions on Charge
Transport Properties
The last few years are witnessing an intensive research aiming at improving the charge
transport properties of DPP-based pi-conjugated polymers. Approaches included studying
the effect of side-chain engineering, heteroatom substitution and copolymerization with
various donor units to enhance crystallinity, to improve coplanarity and/or to promote
closer pi-pi-stacking distances.[101,130,138,140,141] However, by comparing attained transistor
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performances reported by different research groups for the same polymer structure, signifi-
cant deviations are obvious. Thus, this points to the importance of exact experimental
conditions for all process steps ranging from the synthesis of the polymer to the device
fabrication and electrical characterization.
Regarding purifying the semiconducting polymer, Krebs and Nielsen intensively started
the discussion in 2004/2005 concerning problems caused by remnants of the palladium
catalyst and how to remove these impurities in an additional aqueous work-up step by using
dithiocarbamates as palladium scavengers.[324–327] Their reports demonstrated significant
indications that metal residues cause inhomogeneous defects in thin films, such as the
formation of islands induced by nucleation from the metal particles. As these defects
damage the device performance, the aqueous washing step was thereupon applied by other
research groups, too.[328–330] Furthermore, Wigglesworth et al. filed and hold a patent
especially disclosing purification processes of DPP-based copolymers using palladium
scavengers.[331] Other reports proposed that moisture and oxygen penetrating into the
active layer may cause device degradation.[108,332,333] To circumvent this problem, barrier
materials and lamination processes were developed. As such, it is not clear what factors
are more important for the degradation of the lifetime and performance.
In this work, we aimed at verifying how and to what extend the procedure for the removal
of possible Pd residues as well as processing conditions affect optoelectronic and charge
transport properties of DPP-based copolymers. Because of the discovered high reaction
speed, as presented in the last section, the impact of the polymerization time on the
material characteristics was also investigated in this study.
Synthesis of the P(DPP2ODT2-T) Copolymer Set
In order to distinguish the role of polymerization time, aqueous washing, reproducibility of
the preparation and processing procedures, a series of different batches P(DPP2ODT2-T)
was synthesized (Table 3.11). Two of them were individually prepared by the standard
Stille coupling polycondensation procedure (chlorobenzene, 130 °C, 3 d, Soxhlet extraction,
aqueous washing of the product fraction with sodium N,N -diethyldithiocarbamate (SD-
EDTC)). Despite of identical reaction conditions, the two resulting samples, TE97-LP-WL
and TE104-LP-WL, have different molecular weights. Another pair was synthesized aiming
at elucidating the effects of the polymerization time and washing step. To this end, a next
polymerization was performed under the same reaction conditions but already stopped
after 15min and only one half of the polymer material was washed after Soxhlet extrac-
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tion with SDEDTC solution (TE145-SP-WL) while keeping the other portion untreated
(TE145-SP-NW).
Table 3.11: Molecular weights and dispersity values for synthesized P(DPP2ODT2-T) samples
Samplea
LT-GPCb,d HT-GPCc,d
Mn Mw Ð Mn Mw Ð
TE97-LP-WL 45.3 250.4 5.5 15.0 46.0 3.1
TE104-LP-WL 121.5 481.1 4.0 20.9 55.6 2.7
TE145-SP-NWe 53.9 236.3 4.4 17.7 45.2 2.6
TE223-SP-NW 49.9 217.8 4.4 23.3 60.2 2.6
TE223-SP-WW 50.1 230.8 4.6 25.4 63.6 2.5
TE223-SP-WL 51.5 228.3 4.4 23.5 58.4 2.5
TE223-LP-NW 52.7 214.0 4.1 27.4 67.3 2.5
TE223-LP-WW 53.4 217.5 4.1 24.6 60.3 2.5
TE223-LP-WL 54.1 219.4 4.1 16.8 39.0 2.3
a LP/SP: long/short polymerization time (3 d/15min), WL: washed with aqueous solution of
palladium ligand, WW: washed with water, NW: not washed. bAt 40 °C using chloroform as
eluent. cAt 150 °C using 1,2,4-TCB as eluent. dCalibration based on PS standards, values
for Mn and Mw in kg/mol. eAlso representing TE145-SP-WL.
Finally, an experiment was designed to further exclusively investigate the influence of
polymerization time and work-up procedure without the need of considering molecular
weight effects on the device performance. There, a next synthesis of P(DPP2ODT2-
-T) (TE223) was performed and half of the reaction mixture was quenched after short
polymerization time of 15min (SP) while stirring was continued for the other part at
130 °C for long polymerization time of 3 d (LP). Each half was separated into three
portions of which one was not washed (NW) but the others were washed with either
water (WW) or with the aqueous SDEDTC ligand solution (WL), respectively. By this, a
set of six TE223 samples resulted (Table 3.11), each analyzed by GPC measurements at
lower temperature (40 °C) in chloroform and at high temperature (150 °C) in 1,2,4-TCB
(LT-GPC and HT-GPC, respectively). LT-GPC measurements showed higher molecular
weights and dispersities compared to HT-GPC what demonstrates strong inter-chain
interactions leading to intense aggregation in P(DPP2ODT2-T). This is a generally
observed characteristic of DPP-based pi-conjugated polymers.[334] The set of samples
and the corresponding molecular weights and dispersities are summarized in Table 3.11.
Particularly important, all polymer batches have similar molecular weights independent of
127
3 Results and Discussion
the polymerization time, especially obvious for the TE223 series, confirming the detection
of remarkably high reaction speeds as presented in Chapter 3.3.3. It should be noted that
a deviation of the HT-GPC results of TE223-LP-WL within this series is only explainable
by accidental errors during the measurements since the subset of TE223-SPs is not showing
any significant difference. Slight fluctuations in the molecular weights within the subset are
in the range of measurement inaccuracy or caused by batch-to-batch fluctuations between
different sample numbers, respectively.
Compositional, Thermal and Electrochemical Investigations
The samples TE97-LP-WL, TE104-LP-WL and TE145-SP-NW represent the full range of
parameter variation consisting of polymerization time, washing conditions and molecular
weights. For this reason, further material characterizations focused on these three samples
in order to investigate whether an influence of the parameters can be discovered.
First, TE97-LP-WL (long polymerization time (3 d), washing with aqueous SDEDTC
solution) and TE145-SP-NW (short polymerization time (15min), no washing) were
analyzed by 1H-NMR spectroscopy to examine possible structural differences or different
levels of contamination.
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Figure 3.52: 1H-NMR spectra of TE97-LP-WL (long polymerization time 3 d, washing with
aqueous palladium ligand solution) and TE145-SP-NW (short polymerization time 15 min, not
washed) in 1,1,2,2-tetrachloroethane-d2 at 120 °C showing no significant differences. Integral
intensities of indicated signal sections are listed in Table 3.12.
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Table 3.12: Intensity of integrals of signal sections in 1H-NMR spectra of TE97-LP-WL and
TE145-SP-NW (Figure 3.52)
Sample
Intensity of integral
a b c d e f
TE145 1.9 4.2 4.0 2.1 65.2 11.7
TE97 2.0 4.3 4.0 2.2 70.8 12.5
Theory 2.0 4.0 4.0 2.0 64.0 12.0
The measurements were carried out in 1,1,2,2-tetrachloroethane-d2 allowing measurements
at temperatures as high as 120 °C. In this way, aggregation was drastically reduced and a
convenient signal resolution was achieved. All signals were assigned to the corresponding
protons of the polymer structure and the ratio of their integrated intensities are in good
agreement with the theoretical values (Figure 3.52 and Table 3.12). Additional signals
pointing out to impurities are negligible. In comparison, both spectra do not demonstrate
significant differences in the signal appearance, degree of purity or in the ratio of integral
intensities.
The thermal stability was determined by TGA measurements showing almost identical
curve shapes of a single-stage degradation and values of about 406 °C for the decomposition
temperature, defined at 5% weight loss (Figure 3.53, left). DSC heating and cooling scans
were performed to investigate the thermal phase transition behavior and resulted in similar
curve progressions, melting and crystallization peak temperatures of about 273 °C and
264 °C, respectively (Figure 3.53, right). The more pronounced and sharper signals for
TE104-LP-WL can thereby be explained by a smaller fraction of lower molecular weight
polymer chains as revealed by the GPC results and more expanded inter-chain interactions.
In conclusion, TGA and DSC analyses revealed no clearly crucial differences between the
three P(DPP2ODT2-T) samples.
To study the electrochemical properties of the three samples, CV measurements were
performed on thin films drop-casted on a platinum disk working electrode. All scans
were conducted against a non-aqueous silver/silver ion reference electrode in acetonitrile
with 0.1M Bu4NPF6 as electrolyte. Energy levels were calculated with respect to the
ferrocene/ferrocenium redox couple as external standard with a half-wave potential deter-
mined at about 0.095V. Again, all three samples exhibit a very similar electrochemically
irreversible behaviour whereas the shape of the individual voltammograms strongly depends
on the film quality but not the location of the oxidation and reduction onset potentials.
As shown in Figure 3.54 the onsets are almost perfectly congruent and the corresponding
129
3 Results and Discussion
potentials were converted in LUMO and HOMO energies of -3.82 eV and -5.59 eV, respec-
tively, according to equations published in a highly ranked literature report.[201] Additional
signals or deviations were not observed which is why effects of the different polymerization
times, washing treatments or molecular weights could not be identified.
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Figure 3.53: TGA curves (left) and DSC scans (right) of TE97-LP-WL, TE104-LP-WL and
TE145-SP-NW with corresponding decomposition temperatures at 5% weight loss or melting
and crystallization peak temperatures, respectively.
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Figure 3.54: Collected cyclic voltammograms showing the reduction (left) and oxidation section
(right) for thin films of TE97-LP-WL, TE104-LP-WL and TE145-SP-NW. LUMO and HOMO
energies are indicated and were determined from the reduction and oxidation onset potentials
with regard to ferrocene as external standard.
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Characterization of Charge Transport Properties
Finally, the charge transport characteristics of the different batches were investigated
in OFET devices (Dr. Riccardo Di Pietro, Hitachi Cambridge Laboratory, Cambridge,
United Kingdom). Under inert atmosphere TGBC-OFETs were fabricated by spin-coating
the semiconducting polymer from chloroform or 1-methylnaphthalene (1-MN) solutions
(c = 5mg/ml) on glass substrates equipped with gold source and drain electrodes (channel
width W = 1000µm, channel length L = 20 µm). One set of films was dried in a vacuum
chamber at room temperature (a.c.). The other one was dried and annealed under nitrogen
on a hot plate at 100 °C for 2min and subsequently at 200 °C for 15min followed by a slow
cool down period to below 50 °C before the samples were removed from the heating source.
Then, PMMA (Mw = 120 kg/mol) was used as dielectric and deposited from butyl acetate
(c = 80mg/ml). Gold gate electrodes were evaporated through a shadow mask on top.
The values for the charge carrier mobilities were extracted from the saturation regime of
the transfer curves according to the method explained in the literature.[335]
The OFETs, where chloroform was used as solvent for the P(DPP2ODT2-T)s, show
similar charge carrier properties and ambipolar transport with extracted hole and electron
mobilities in the range of 0.30 - 0.75 cm2/Vs and 0.35 - 1.20 cm2/Vs at gate-source voltages
of ±60V (Figure 3.55: red, orange and purple curves). The obtained hole mobilities
are thereby in very good accordance with published articles reporting average values of
about 0.10 - 0.60 cm2/Vs.[336–340] On the other hand, electron transport is less frequently
demonstrated in literature and appeared to be less efficient than the hole transport.
Published values thereby vary over one order of magnitude from 0.01 to 0.11 cm2/Vs.[336–338]
In contrast to that, the own fabricated OFETs from chloroform solutions exhibited a
well-balanced ambipolarity with electron mobilities one order of magnitude higher than the
best-reported values so far. For example the electron mobility of an annealed (ann.) film of
TE145-SP-NW exhibited an electron mobility of about 1.20 cm2/Vs at a gate-sourse voltage
of 60V (Figure 3.55: red). In comparison with the cited work, besides the different OFET
designs and compositions, a very crucial difference is that the own device fabrication
and electrical characterization were performed under almost no exposure to air (only
briefly between spin-coating the dielectric and evaporating gate electrodes). Therefore, to
clarify the role of air exposure, the investigations were parallelized and in collaboration
with Dr. Mike Hambsch (Group of Prof. Mannsfeld, Chair of Organic Electronics,
Technische Universität, Dresden, Germany) the same P(DPP2ODT2-T) batches were used
to fabricate OFETs under ambient conditions. While achieving similar hole mobilities,
electron mobility was not observed. Thus, the effect of air exposure impeding electron
transport is obvious what is highly probably caused by trapping and/or degradation
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processes as described for other semiconducting polymers.[332,333] Additionally, a cleaning
of the gold source/drain electrodes by O2-plasma was avoided because this process would
shift the gold work function to lower levels (from -4.7 - -4.9 eV to -5.0 - -5.5 eV) supporting
the hole but hindering the electron injection.[341–344]
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Figure 3.55: Complete mobility overview (|VDS| = 40V) for TGBC-OFETs prepared with
P(DPP2ODT2-T) copolymer samples spin-coated from 1-MN or chloroform solutions as high-
lighted in the diagram. LP/SP: long/short polymerization time (3 d/15min), WL: washed with
aqueous solution of palladium ligand, NW: not washed, a.c.: as cast / without thermal annealing,
ann.: with thermal annealing.
Except for the OFETs fabricated with TE145-SP-NW, changing the processing solvent
for the P(DPP2ODT2-T) batches from fast evaporating chloroform (b.p.= 61 °C) to high-
boiling 1-MN (b.p.= 240 - 243 °C) did not affect the transistor performance (Figure 3.55:
green and light green). Electron and hole mobilities of TE104-LP-WL and TE97-LP-WL
were again approaching 1 cm2/Vs.
The very strong charge density dependence demonstrated by most of the devices in the
gate-source voltage range of -30V to 20V most likely originates from a high contact
resistance due to either injection issues at the source electrode or trapping effects in the
polymer film.[332] It thereby must be noted that for the electron mobility of as cast devices
based on TE145-SP-NW a highly charge density dependent mobility was not observed
(Figure 3.55: dashed lines).
In contrast to the other batches, processing conditions clearly influenced the device
performance of OFETs based on thin films of TE145-SP-NW. From the output and
transfer curves of the as cast samples, a slightly preferential n-type transport can be
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seen (Figure 3.56). Annealing strongly enhanced both electron and hole currents but the
p-type transport to a greater extent. This is obvious from the substantial increase in drain
currents by about two orders of magnitude for given gate-source voltages in the range
of -10V to -40V (Figure 3.56, right). Furthermore, hole injection was also significantly
more improved compared to the electron injection. Thus, well-balanced electron and
hole mobilities were already obtained for annealed films of TE145-SP-NW at moderate
gate-source voltages below ±20V and approach 1.0 cm2/Vs and 0.1 cm2/Vs, respectively
(Figure 3.55: dark blue). Moreover, remarkably high peak mobilities of about 6 cm2/Vs
and 4 cm2/Vs at ±40V were measured, respectively, which exceed the above-mentioned
literature values by about one order of magnitude.[336–340]
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Figure 3.56: Output (left) and transfer characteristics (right) of TGBC-OFETs based on as
cast (a.c., dashed lines) and annealed (ann., solid lines) thin films of P(DPP2ODT2-T) sample
TE145-SP-NW. Measurements were conducted under nitrogen atmosphere at the indicated gate
and source-drain voltages.
In conclusion, an optimization of the processing solvent and annealing conditions enabled a
strong enhancement of transport properties with regard to both hole and electron mobilities
and charge carrier injection. Apart from the extracted high mobility values found to be
charge density dependent, the current density in the fabricated OFETs exceeded state of
the art devices based on DPP polymers considering the different geometries.[294]
Most interesting, in spite of the different molecular weights and polymerization times,
OFETs fabricated with the washed analog TE145-SP-WL exhibited an almost identical
behavior as devices based on TE104-LP-WL and TE97-LP-WL (Figure 3.55: black versus
green and light green). In contrast, while maintaining the fabrication conditions constant,
its not washed counterpart TE145-SP-NW (Figure 3.55: dark blue) demonstrated an
outstanding OFET performance. Since the washing step did not affect electrochemical
properties as discussed above, film-forming properties seemed to be influenced. Therefore,
experiments aiming at investigating this assumption were conducted.
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UV/Vis and Charge Accumulation Spectroscopy
Since DPP-based polymers tend to strong aggregation, solutions and thin films of the
different P(DPP2ODT2-T) batches were investigated by UV/Vis spectroscopy to analyze
impact of the aqueous SDEDTC washing step. All 1-MN solution spectra show an
intensive J-aggregate behavior which is indicated by the lower energy absorption band of
the aggregates (Figure 3.57, left).[334,345] The low-energy absorption maximum is located
at 1.51 eV in conjunction with a shoulder occurring in the direction of higher energies at
around 1.65 eV. Thereby, this shoulder is less resolved for the highest molecular weight
sample TE104-LP-WL than for the other two demonstrating similar spectra. However, the
shoulder in TE145-SP-NW is less intense pointing out to an increased exciton bandwidth or
to a decreased relaxation energy which both are indications of an improved chain coupling
within the aggregate.[346] In the as cast films, the position of the absorption maxima
and the shoulder are slightly red-shifted by 0.2 eV to 1.49 eV and 1.63 eV, respectively.
There, the appearance of the shoulder is less pronounced leading to a reduced intensity
ratio between the maxima and the shoulder (Figure 3.57, middle, dashed lines). This
implies that J-aggregates present in solution were transformed to more weakly packed
structures by the process of spin-coating. However, annealing can be utilized to improve
the aggregation again, i.e. either extending existing aggregates and/or enhancing the
coupling between polymer chains. This is obvious by the increased intensity ratio between
maxima and shoulder accompanied with a further red-shift by about 0.2 eV to 1.46 eV and
1.61 eV,respectively. This shift is also appearing in the band gap energies of 1.36 eV (as
cast) and 1.34 eV (annealed) determined from the absorption onset.
While UV/Vis measurements provide information about the bulk of the polymer film, charge
transport in OFETs occurs in a narrow layer at the interface between the semiconductor and
the dielectric. Therefore, to investigate more the aggregation state of the polymer chains
in this area, charge accumulation spectroscopy (CAS) was carried out on semi-transparent
transistor samples by Dr. Riccardo Di Pietro (Hitachi Cambridge Laboratory, Cambridge,
United Kingdom).[347] For this purpose, the required devices were fabricated using exactly
the same procedure as for the other OFETs but on glass substrates with different source-
drain pattern resulting in larger channel dimensions (W=19.8 cm, L=80 µm). Specifically,
CAS enables to look on changes in the transmission spectrum of a working transistor
caused by the accumulation of charges. If the population of charges on a polymer chain
changes, a reorganization of the geometry takes place leading to a rearrangement of the
electronic levels.[348] In CAS spectra, increased absorption below the polymer absorption
edge originates from these new energy levels. This phenomenon is called polaron induced
absorption (PIA). Apart from PIA, appearing in Figure 3.57 (right) as negative peaks
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below 1.4 eV, positive peaks correspond to the bleaching of the neutral polymer chain
OFET. Energetic overlaps of peaks between CAS and the corresponding thin-film UV/Vis
absorption spectrum indicate neutral polymer chains on which charge accumulation
happens upon applying the gate voltage.
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Figure 3.57: Solution (left), solid-state UV/Vis absorption spectra (middle) and charge ac-
cumulation spectra (CAS, right) of P(DPP2ODT2-T) samples TE97-LP-WL, TE104-LP-WL,
TE145-SP-WL (TE145w) and TE145-SP-NW (TE145) in 1-MN or as thin films spin-coated from
1-MN on glass substrates. Measurements were carried on as cast (dashed lines) and annealed
films (solid lines).
By comparing the bleaching signal in the CAS spectrum with the respective UV/Vis
spectra of the same sample, a higher similarity is apparent with the solution spectra rather
than with the thin-film spectra (Figure 3.57). In fact, a stronger low energy absorption
with a much smaller shoulder to higher energies is shown by the bleaching signal. This
leads to the conclusion that charges predominantly accumulated on highly ordered seg-
ments/aggregates. Since the CAS spectra are not displaying any signals or trends beyond
2.1 eV, aggregates are exclusively involved in the accumulation of charges. Otherwise, only
weak peaks at approximately 0.8 eV and 1.3 eV could be assigned to PIA.
For TE97-LP-WL, TE104-LP-WL and TE145-SP-WL no impact of the annealing on the
electronic structure of the aggregates could be identified because of virtually the same
PIA, only showing a stronger peak at 0.8 eV. Additionally, a difference in the bleaching
signal was only appearing for TE97-LP-WL with a slightly reduced shoulder at 1.65 eV
pointing to a marginal improvement in aggregation. This observation fully confirms the
outcome of the electrical measurements in obtaining similar electron and hole mobilities
independent of the preparation conditions.
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In contrast, TE145-SP-NW reveals two main differences as clearly illustrated by over-
lapping the CAS spectra of the annealed samples (Figure 3.58). First, the PIA peak at
0.8 eV disappears upon annealing and, second, from the bleaching signal a much stronger
aggregation is indicated in the annealed film. These strikingly different characteristics
imply that annealing caused a qualitative improvement of the aggregates involved in the
charge transport and, furthermore, influenced the formation of polarons. Thereby, the
vanishing PIA peak at 0.8 eV in combination with rising PIA features towards higher ener-
gies indicate a reduced degree of energetic disorder noticed by the charge carriers (Figure
3.58).[349] In conclusion, CAS identified crucial structural and energetic improvements
upon annealing only in thin films of TE145-SP-NW by which the dramatically increased
mobility of OFETs fabricated with this batch can be explained.
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Figure 3.58: Collection of CAS spectra of annealed films prepared from P(DPP2ODT2-T)
samples TE97-LP-WL, TE104-LP-WL, TE145-SP-NW (TE145) and TE145-SP-WL (TE145w).
TE145 is not showing a PIA peak at 0.8 eV opposite to the other samples. It has to be noted
that PIA features appear in the negative direction.
Morphological Analyses by AFM and GIWAXS
Since optical spectroscopy techniques demonstrated that the washing step strongly affected
the ability to form larger aggregates with a lower energetic disorder, morphological analyses
were performed to support this result. The surface morphology was investigated by atomic
force microscopy (AFM) on samples fabricated in the same way like the OFET devices.
Thin films of TE104-LP-WL and of its counterpart TE145-SP-NW with comparable
molecular weights were examined before and after annealing. The AFM images of the
as-cast samples exhibit no significant differences in the surface texture (Figure 3.59).
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Figure 3.59: AFM height images of thin films prepared from TE104-LP-WL and TE145-SP-NW
in the same way like the OFET devices without (top row) and with thermal treatment (bottom
row) during the fabrication. AFM analyses were performed in tapping mode.
Average values of the root mean square (RMS) roughness (TE104: 0.33 nm, TE145:
0.38 nm) and average domain sizes (TE104: 68 nm, TE145: 71 nm) are thereby almost
identical, what could be related to the similar OFET performance. In contrast, the
samples prepared including the additional step of thermal annealing differ drastically.
The thin-film surface morphology of TE104-LP-WL changed only to a small extend and
shows a fiber-like texture with an average distance between two domain centers of about
88 nm and a RMS roughness of 0.74 nm. On the other hand, TE145-SP-NW was able
to form large extended terraces with a more than doubled domain size of about 153 nm
while the RMS roughness of 0.91 nm remains comparable with TE104-LP-WL. Thus, thin
films of TE145-SP-NW revealed a much higher degree of microstructural order compared
to TE104-LP-WL. Additionally, 3D visualization of the AFM images provides further
illustration of the different surface topographies (Appendix A.7, Figure A8). When 1-MN
was replaced by chloroform as processing solvent, the formation of large terraces was
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not observed but very similar AFM images for all batches being in accordance with the
similarity in the mobility values, as mentioned above. This impressively illustrates the
importance of optimizing fabrication conditions and selecting the processing solvent. Here,
the much higher boiling point of 1-MN led to a slower evaporation during the thermal
treatment and, thus, allowed the polymer chains to form highly ordered aggregates and
the terrace-like surface morphology.
Furthermore, GIWAXS analyses were performed by Josh Carpenter and Dr. Harald Ade
(North Carolina State University, Raleigh, USA) on the same samples as used for AFM
and optical measurements. The as-cast sample showed a slightly diffuse scattering and
only moderate structuring whereas the appearing signal pattern indicates a more face-on
orientation (Figure 3.60, left). In contrast, the 2D GIWAXS images of annealed films
exhibited a high degree of crystallinity and long-range order (Figure 3.60, right). Thereby,
the occurrence of lamellar stacking peaks with up to four orders of diffraction along the
qz-axis revealed a predominant edge-on orientation of the polymer chains with a lamellar
spacing of about 20.1Å. The corresponding pi-pi-stacking distance was determined to be
about 3.6Å according to the peak in qxy-direction.
Figure 3.60: GIWAXS 2D diffractograms of thin films prepared from TE145-SP-NW as-cast
and annealed displaying the strongly increased microstructural order in the thermally treated
samples. Measurements were performed by Josh Carpenter and Harald Ade (North Carolina
State University, Raleigh, USA).
In conclusion, the GIWAXS results demonstrate that thermal treatment can cause a
substantial rearrangement in thin films of P(DPP2ODT2-T). The obtained significantly
improved microstructural ordering upon annealing thereby confirms the previous findings.
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Proof of Concept and Impact of the Molecular Weight: P(DPP2ODT2-T) Series
TE223
Although TE97-LP-WL and TE145-SP-NW do not differ significantly in their molecular
weights (Mn: 15.0 kg/mol versus 17.7 g/mol), the series TE223 was synthesized to com-
pletely exclude deviations in the molecular weight. As described at the beginning of this
chapter, six samples were prepared, first, to solidly verify whether an impact of short (SP)
and long polymerization times (LP) on the electrical performance exists and whether its
impact is reproducible. Second, to investigate whether possible residues of the SDEDTC or
already the contact with water impedes the electrical OFET characteristics, the washing
procedure was further differentiated by using water (WW) or aqueous SDEDTC solution
(WL). Together with the respective unwashed samples (NW), six samples resulted, namely
TE223-SP-NW/WW/WL and TE223-LP-NW/WW/WL, which were used for the fabrica-
tion of OFETs by applying the previously described preparation conditions.
The electrical characterization showed comparable hole and electron mobilities, both
approaching 2 cm2/Vs, for all batches except TE223-SP-NW (Figure 3.61). The latter
presented mobilities exceeding 3 cm2/Vs and 2 cm2/Vs for hole and electron transport,
respectively. Thus, within the TE223 series, TE223-SP-NW performs comparably to
TE145-SP-NW what demonstrates reproducibility of the previous findings - short polymer-
ization times and avoiding washing steps are advantageous for the charge transport in the
material. Additionally, the electrical measurements of TE223-based OFETs also indicate
that the washing step in general is harming the charge transport. Finally, a significant
difference between the washing procedures using water or aqueous SDEDTC solution could
not be determined.
-60 -40 -20
1E-7
1E-6
1E-5
1E-4
1E-3
0.01
0.1
1
10
 LP-NW
 LP-WW
 LP-WL
 TE145-SP-WL
Solvent: 1-MN
 TE104-LP-WL ann.
 TE97-LP-WL ann.
 TE145-SP-NW ann.
 TE145-SP-NW a.c.
 TE145-SP-WL ann.
M
o
b
ili
ty
 [
c
m
2
/V
s
]
 SP-NW
 SP-WW
 SP-WL
M
o
b
ili
ty
 [
c
m
2
/V
s
]
Gate voltage [V]
Figure 3.61: Mobility overview (|VDS| = 40V) for TGBC-OFETs based on P(DPP2ODT2-
T) samples of series TE223 and TE145-SP-WL. OFETs were fabricated by spin coating the
semiconductor from 1-MN solutions followed by annealing and depositing the remaining layers.
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Astonishingly, in spite of having similar properties, LP-samples performed comparatively
worse than SP-samples. Morphological studies by AFM to clarify this, however, exhibited
a comparable surface structure independent of the synthetic conditions (Figure 3.62).
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Figure 3.62: 2D and 3D AFM images of the surface morphology of thin films of P(DPP2ODT2-T)
batches prepared by spin-coating from 1-MN solution on glass substrates followed by annealing.
By far, largest domains of about 162 nm were nevertheless shown by TE223-SP-NW while
the average domain size for all other samples was determined to be about 120 nm. In
comparison with TE97-LP-WL and TE145-SP-NW, having significantly lower molecular
weights (in average: Mn=16 kg/mol versus Mn=24 kg/mol), all samples showed a much
higher RMS roughness ranging from 1.39 nm to 1.98 nm with an average value of 1.62 nm
(versus 0.83 nm in average for TE97 and TE145) and a worse surface structuring as clearly
exemplified by the 3D imaging (Figure 3.62). Since a greater surface roughness impairs
the quality of the interface between the semiconductor and the dielectric, where the charge
transport occurs, higher mobilities could therefore be hindered in the TE223 series even
if large domains sizes of up to 162 nm were achieved with the best-performing batch
TE223-SP-NW.
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In conclusion, investigating the TE223 series confirmed the observation that charge
transport benefits from a short polymerization time and avoiding final washings steps
during the purification of the P(DPP2ODT2-T) copolymer. Furthermore, the increased
surface roughness and decreased structuring in comparison with TE104-LP-WL and TE145-
SP-NW point out to a complex dependence of the thin-film surface topography on the
molecular weight in case of the applied processing conditions. To elucidate the correlation
ongoing studies should focus on investigating the role of possibly enhanced entanglements
caused by the longer reaction time and/or increased molecular weight.
3.3.5 Summary
This chapter discussed the synthesis of diketopyrrolo[3,4-c]pyrrole-(DPP)-based monomers
and copolymers, disclosed extreme high polymerization rates for Stille coupling polycon-
densations as well as presented the investigation how reaction and processing conditions
influence charge tranport properties of the DPP-based copolymer P(DPP2ODT2-T).
As shown in Figure 3.63, four different DPP-based monomers were successfully synthesized
via three- or five-step syntheses, namely (1) DPP2ODT2Br2, (2) DPP2ODT4Br2 with an
Figure 3.63: Different DPP-based monomers synthesized from a succinic ester in the indicated
total yields for the three- to five-step synthetic procedures.
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extended pi-system by two thiophenes, (3) DPP6DOT2Br2 with symmetrical alkyl chains
additionally having the branching point shifted to the sixth carbon atom, and (4) DPP-
MeT2Br2 with only methyl groups as side chains. Thereby, the total yields with respect
to the initial succinic ester ranged from 8 to 45%. Furthermore, a modular side chain
synthesis was formulated and successfully applied for the 6-dodecyloctadecyl (6DO) side
chain. Additionally, final bromination reactions were optimized, too.
The second section discussed the synthesis of DPP-based copolymers via Stille coupling
polycondensation employing DPP2ODT2Br2 or DPP2ODT4Br2. While using the latter
did not provide soluble copolymers, copolymerizations of DPP2ODT2Br2 under the same
conditions led to a series of copolymers. However, the main investigation focused on the
synthesis of P(DPP2ODT2-T) under variation of amount and composition of the palladium
catalyst (Figure 3.64: left and right, respectively).
0 1 2 3 4 5 20 40 60 80
0
10000
20000
30000
40000
50000
60000
70000
0.04 eq. P(o-tol)
3
0.01 eq. Pd
2
(dba)
3
 / 
0.001 eq. Pd
2
(dba)
3
 / 0.004 eq. P(o-tol)
3
0.02 eq. Pd
2
(dba)
3
 / 0.08 eq. P(o-tol)
3
M
n
 [
g
/m
o
l]
Reaction time [h]
P
d
 a
m
o
u
n
t lo
w
e
re
d
 
 
0 1 2 3 4 5 10 20 30 40 50 60 70 80
0
10000
20000
50000
60000
70000
M
n
 [
g
/m
o
l]
Pd(P(t-Bu)
3
)
2
Cl
2
Pd(P(t-Bu)
3
)
2
Pd
2
(dba)
3
 / P(t-Bu)
3
Pd
2
(dba)
3
 / P(o-tol)
3
Pd(PPh
3
)
4
Reaction time [h]
Extremely high 
 reaction rates 
Figure 3.64: Number-average molecular weights at different reaction times for the synthesis of
P(DPP2ODT2-T) via Stille coupling polycondensation in chlorobenzene at 130 °C catalyzed by
the indicated palladium compounds. Catalyst amount (left) or composition at a constant [Pd]
amount of 0.04 eq. (right) was varied.
Remarkably, this study clearly pointed out extremely high reaction rates for Stille coupling
polycondensations in the presence of Pd2(dba)3 combined with P(o-tol)3 (dark blue) or P(t-
Bu)3 (light green), or Pd(P(t-Bu)3)2 (green). Thus, using the applied reaction conditions
enabled to drastically reduce the reaction time from 3 d to about 15min without lowering
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achievable molecular weights. Moreover, this consequently allows to accelerate the material
production and to save more than 99% of the heating energy for the polymerization.
Employing the studied catalysts additionally allowed access to different molecular weights
for P(DPP2ODT2-T) copolymers. Finally, these findings are expected to be transferable
to the synthesis of other DPP-based polymers and, most probably, to other pi-conjugated
donor-acceptor polymers.
Building on the results of the previous subchapters, the last section finally presented the
investigation of a series of P(DPP2ODT2-T) copolymers synthesized under variation of
the reaction time and aqueous work-up conditions upon purification by Soxhlet extraction
was presented focussing on identifying the impact of the different reaction and processing
conditions on the physical, morphological and charge transport properties.
First, the results of the previous chapter were confirmed. P(DPP2ODT2-T) copolymers can
reproducibly be synthesized within 15min (SP-samples) instead of 1-3 d (LP-samples) with-
out lowering the yield and achievable molecular weights and without broadening the molec-
ular weight distribution. Since washings steps are occurring in literature procedures[324–331]
whose impacts on the semiconducting polymer were hardly studied in detail before, the
P(DPP2ODT2-T) series was divided into samples remained not washed (NW), washed by
water (WW) or by an aqueous solution of SDEDTC (WL), a strong Pd ligand.
However, independent from the polymerization and work-up conditions the various polymer
batches showed no significant difference in the NMR spectra regarding composition and
purity, exhibited high thermal stability with decomposition temperature of above 400 °C
as determined by TGA and showed thermal transitions in DSC measurements assigned
to the melting and crystallization of the polymer backbone with peak temperatures in
the close range of 270 - 276 °C and 263 - 266 °C, respectively. Table 3.13 thereby presents
a comparison of investigation results for TE104-LP-WL, a typical batch obtained after
a long polymerization time of three days and additional washing procedure, and its
counterpart TE145-SP-NW. Electrochemical investigations by CV demonstrated similar
voltammograms with identical values of the onset oxidation potential as well as of the
onset reduction potential. The optical band gap was determined to be 1.34 eV for all
samples from the absorption onset in thin-film UV/Vis spectra. Energies for the HOMO
and LUMO level were consequently calculated to -5.59 eV and -4.25 eV, respectively (Table
3.13).
Finally, OFETs were prepared with the synthesized batches by spin-coating the semicon-
ductor from chloroform or 1-MN solutions and with or without annealing step. All OFET
devices fabricated with chloroform exhibited well-balanced p-type and n-type transport
characteristics with mobilities around 1 cm2/Vs at |VG| = 60V. Remarkably, if 1-MN was
used as processing solvent in combination with the annealing step, the sample TE145-SP-
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NW presented significantly better OFET performance than all other batches (Figure 3.65).
Operating the TGBC-OFET at moderate gate-source voltages of ±20V already resulted in
a balanced ambipolar transport with electron and hole mobilities approaching 1.0 cm2/Vs
and 0.1 cm2/Vs, respectively. Moreover, outstanding peak mobilities approached 10 cm2/Vs
at gate-source voltages of ±40V and, thus, exceeded literature values by about one order
of magnitude.[336–340] Remarkably, electron mobility was only rarely reported before. Be-
sides that, the measured current densities surpass state-of-the-art devices of DPP-based
polymers considering the different geometries.[294]
Table 3.13: Summary of results from GPC, thermal, optoelectronic, morphological and electronic
measurements for P(DPP2ODT2-T) batches TE104-LP-WL and TE145-SP-NW
TE104-LP-WL Batch TE145-SP-NW
3 d Polymerization time 15min
aqueous SDEDTC Washing -
20.9 kg/mol Mna 17.7 kg/mol
2.7 Ða 2.6
407 °C Tdb 405 °C
270 / 263 °C Tm /Tcc 276 / 264 °C
-5.59 eV EHOMOd -5.59 eV
1.36 eV Egopte 1.36 eV
-4.25 eV ELUMOf -4.25 eV
88 nm Average domain sizeh 153 nm
0.04 cm2/Vs µFET, holeg 4.09 cm2/Vs
0.02 cm2/Vs µFET, electrong 6.08 cm2/Vs
a By HT-GPCat 150 °C using 1,2,4-TCB as eluent and based on calibration with PS
standards. bDecomposition temperature by TGA at 5% weight loss. c Peak temp-
eratures determined by DSC from 2nd heating and 1st cooling curve. dObtained from
CV using EHOMO = – (5.09 + Eonset, ox - E1/2, Fc/Fc+)[eV]. eDetermined from
thin-film UV/Vis absorption onset by Egopt=1240 nm/ λabsonset [eV]. f Calculated by
ELUMO=E HOMO+Egopt. gAt |VDS| = 40V and |VG| = 40V, P(DPP2ODT2-T) was
spin-coated from 1-MN solution and annealed.h By AFM on annealed thin films
spin-coated from 1-MN solutions.
Charge accumulation spectroscopy on working OFETs and UV/Vis spectroscopy on the
thin films demonstrated the presence of strong aggregation with J-aggregate characteristics
and that charge accumulation preferably occurs on the aggregates. The origin of the
exceptional performance of thermally treated TE145-SP-NW OFETs was identified by
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CAS revealing crucial structural and, thus, energetic improvements upon annealing only
for this batch (Figure 3.65). In addition, such microstructural enhancement further
reduces trapping effects and/or injection issues being responsible for the observed contact
resistance at low gate voltages. The indicated significant structural improvement was
clearly confirmed by AFM analyses of the surface topology whereas only TE145-SP-NW
formed well-textured and extended terraces with an average domain size of 158 nm and a
comparably low RMS roughness of below 1 nm (Figure 3.65). Additionally, GIWAXS 2D
images supportively displayed a strong enhancement of crystallinity and long-range order
for TE145-SP-NW with up to four orders of diffraction upon annealing. Polymer chains
are edge-on oriented with a pi-pi-stacking distance of about 3.6Å and lamellar spacing of
about 20.1Å.
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Figure 3.65: Significant improvements from TE104-LP-WL to TE145-SP-NW: Gate voltage
depending OFET mobilities at |VDS| = 40V revealing an increase in mobility and reduced trapping
and/or injection issues (top, left), collected CAS spectra indicating a reduced degree of energetic
disorder and enhanced aggregation (top, right) and AFM height images presenting extended and
well-structured terraces (bottom) with an almost doubled average domain size. All measurements
were performed on annealed thin films spin-coated from 1-MN solutions on glass substrates.
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Last, the set TE223 of P(DPP2ODT2-T) samples revealed no significant difference in
OFET measurements between samples washed with either water or SDEDTC solution but
indicated a detrimental effect of aqueous washings in general. Furthermore, an inverse
dependence of the achievable thin-film quality on the molecular weight was identified for
the applied fabrication conditions. However, high p- and n-type transport was obtained
with hole and electron mobilities close to 2 cm2/Vs, showing reproducibility of the previous
findings and pointing to the importance of optimizing the synthetic and processing
conditions.
Finally, the electrical performance of various optoelectronic devices based on semicrystalline,
pi-conjugated polymers could benefit from avoiding long polymerization times and the
aqueous washings as well as from introducing 1-MN as processing solvent or additive -
especially when strong aggregation is already observed in solution.
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4.1 Overview
4.1 Overview
The main objective of this PhD thesis was to improve the current understanding of
structure-property relationships in current high-performance pi-conjugated semiconducting
polymers (SCPs) as they are evolving as fundamental components for the next generation
of electronic devices.[9–17] This work thereby focused on investigating the impact of novel
design concepts, precise structural modifications, and synthetic and processing conditions
on material properties and charge transport in organic field-effect transistors.
In the first chapter, the role of in-chain pi-conjugation length was researched in a series of
precisely synthesized SCPs with respect to thermal and optoelectronic properties, electronic
structure, thin-film microstructure, and charge transport. The obtained results could
already be published in the journal Advanced Materials.[196]
Afterwards, the second part introduced novel naphthalene diimide-(NDI)-based SCPs
comprising thiazole units instead of thiohenes and discussed this structural modification
in relation to the analogous high-performance thiophene containing SCPs.
The last chapter finally studied how synthetic and processing conditions influence optoelec-
tronic properties and charge transport in diketopyrrolo[3,4-c]pyrrole-(DPP)-based SCPs,
another class of high mobility pi-conjugated polymers.
4.2 Finely Tuned In-Chain pi-Conjugation in Naphthalene
Diimide-Based Copolymers
The synthesis of a series of SCPs (PNDI-TVTx) with finely tuned in-chain pi-conjugation
lengths was realized by Stille coupling polycondensation of the NDI monomer NDI-Br2 and
the two dithienyl compounds, pi-conjugated TVT-Sn2 and pi-nonconjugated TET-Sn2 in
varying ratios (Figure 4.1). Importantly, TVT and TET thereby exhibit a nearly identical
geometry resulting in a negligible length change of the repeating unit as confirmed by DFT
calculations. Thus, no additional effects such as increased distortions or conformational
changes should be triggered which is why the impact of deconjugation could selectively be
investigated.
Within the set of PNDI-TVTx copolymers, x indicates the molar percentage of rigid TVT
versus flexible TET units, including 100%, 80%, 60%, 40%, 20%, 10%, and 0%. After
the synthesis, the copolymers were analyzed by high-temperature 1H-NMR spectroscopy,
EA and HT-GPC. Above all, as the presence of a random distribution of TVT and TET
units represents the varying in-chain pi-conjugation, being decisive for the assessment and
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Figure 4.1: Synthesis of PNDI-TVTx copolymers with indicated lengths of the different repeating
units calculated via DFT by Dr. Gierschner, (IMDEA, Madrid, Spain).[196]
discussion of experimental results, its verification had been the most important task. Here,
the deconvolution study of the aromatic signal pattern in the 1H-NMR spectra clearly
evidenced the random TVT/TET incorporation without any significant indications for a
block-like structure. EA further confirmed the theoretical elemental composition of every
copolymer. Number-average molecular weights ranged from 67.6 kg/mol to 19.6 kg/mol
and were found to approximately follow the gradual decrease in the TVT content what
could be explained by less aggregation and reduced persistence lengths due to greater
flexibility.
The introduced increasing flexibility with decreasing x also led to gradually decreasing
melting (273-160 °C) and crystallization peak temperatures (247-130 °C) as shown by DSC
measurements (Figure 4.2, left) but did not significantly affect the thermal stability with
decomposition temperatures of about 440 °C for all PNDI-TVTxs.
Solution and thin-film UV/Vis absorption measurements revealed a high-energy band
attributed to the pi→pi* transition and a broad low energy band assigned to the n→pi*
transition (Figure 4.2, right). The latter points out charge transfer between the donor
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units TVT/TET and acceptor unit NDI and, thus, is commonly referred to as CT band.
Thereby, the CT band for NDI-TET appears between the the pi→pi* transition and the
CT band for NDI-TVT. Reducing the pi-conjugation length in PNDI-TVTxs resulted in
the expected hypsochromic shift of the pi→pi* transition band, increase of NDI-TET CT
band and decrease of NDI-TVT CT band. Thus, optical band gap energies increased from
1.41 eV (PNDI-TVT100) to 2.08 eV (PNDI-TVT0).
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Figure 4.2: DSC heating and cooling scans (left) and solution and thin-film absorption spec-
troscopy measurements (right) of PNDI-TVTxs.[196]
The location of LUMO energy levels was determined by CV measurements and exhibited a
slight gradual increase with lowering x from -4.00 eV (PNDI-TVT100) to -3.89 eV (PNDI-
TVT0) what indicates a strong localization of the LUMO on the NDI unit. In combination
with the optical band gaps, it was found that the HOMO energy for PNDI-TVT0 drops by
about -0.55 eV in comparison to the average value for the other PNDI-TVTx copolymers.
Remarkably, the experimentally determined optoelectronic results were fully confirmed by
(TD)DFT calculations.
GIWAXS measurements revealed significant ordering in thin films for all PNDI-TVTxs with
a unique transition from a predominant face-on orientation (PNDI-TVT100) to an edge-on
orientation (PNDI-TVT20) and eventually to a 3D crystalline registry (PNDI-TVT0)
(Figure 4.3).
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Figure 4.3: GIWAXS images of selected PNDI-TVTx samples demonstrating the transition
from face-on via edge-on to a more 3D crystalline registry.[196]
Charge transport properties were investigated in TGBC-OFETs and the results showed
that electron and hole mobilities are affected differently. This finding correlates with
the change in electronic structure exhibiting a dissimilar evolution of HOMO/LUMO
energies. Thus, while electron mobilities only decreased from about 0.80 cm2/Vs to about
0.06 cm2/Vs when reducing the TVT content from 100% to 10%, the hole mobility dropped
by about five orders of magnitude from about 0.18 cm2/Vs to 0.22·10-5 cm2/Vs, and even
vanished for the fully nonconjugated PNDI-TVT0 (Figure 4.4).
In conclusion, the performed studies on the PNDI-TVTx copolymer series elucidates, sup-
ported by theoretical calculations, how material properties gradually change by tuning the
pi-conjugation length and that charge transport can be maintained by a strong localization
of frontier molecular orbitals in combination with a high degree of ordering in the thin
film.
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Figure 4.4: Development of electron (red) and hole mobility (green) with the TVT content in
TGBC-OFETs. Dashed lines are guides to the eye.[196]
In the future, research should further focus on elucidating details of the 3D microstructure
in thin films and, especially, on using methods for a controlled chain alignment. The
fabrication and electrical characterization of PNDI-TVTx-based OFETs, where polymer
chains are oriented perpendicular to the electrodes, would then allow to gain more insights
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into intra- and interchain transport in SCPs. Additionally, the copolymer series is also
promising for an application in OSCs or to fabricate and investigate PNDI-TVTx blend
based OFETs.
Moreover, the question arises how the mobility-pi-conjugation dependence evolves if an
acceptor unit is used allowing the LUMO to be more delocalized than in the case of NDI.
Finally, the general strategy of incorporating pi-nonconjugated units could be used to
synthesize melt-processible SCPs with sufficiently high charge carrier mobilities.
4.3 pi-Conjugated Thiazole Containing Naphthalene
Diimide-Based Copolymers
The second chapter presented the synthesis of novel thiazole-containing naphthalene
diimide-(NDI)-based copolymers P(NDIR-Tz2) and P(NDIR-TzVTz), the characterization
of thermal, optoelectronic and charge transport properties as well as DFT calculations
of their geometry. The obtained results were discussed in comparison to the respective
thiophene analogs, the well-reported high-mobility copolymers P(NDIR-T2)[96, 126,266,292]
and P(NDIR-TVT).[127,128]
In contrast to the commonly used distannylated thiophenic comonomers for the synthesis
of P(NDIR-T2) and P(NDIR-TVT), the analogously required distannylated thiazole
compounds indicated rapid decomposition caused by the significantly reduced electron
density on the carbon atoms in thiazole. Thus, alternative synthetic routes circumventing
organometallic thiazole compounds were attractive. Despite the efficiency demonstrated
for the synthesis of P(NDIR-T2),[12] direct arylation polycondensation, however, did not
provide access to the desired thiazole containing copolymers, nor oligomers. For this
reason, the synthetic strategy was changed to using the comonomer NDITz2-Br2 (Figure
4.5). Because of the severely reduced electron density, the crucial and very challenging
step thereby was the development of a working bromination procedure. Finally, Stille
coupling polycondensation and active-zinc polymerization allowed to synthesize the desired
copolymers, P(NDIR-Tz2) and P(NDIR-TzVTz), with number average molecular weights
in the range of 6.2 - 36.1 kg/mol. The initially obtained copolymers were equipped with
branched 2-octyldodecyl side chains and revealed worse solubility than the thiophene
analogs. For this reason, a second series was synthesized with slightly extended side chains,
2-decyltetradecyl, improving the solubility. High-temperature 1H-NMR measurements
confirmed the target copolymer structures.
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Steric repulsion τ τ 
τ  ≈ 50 ° 
  
Figure 4.5: Novel thiazole containing NDI-based SCPs P(NDIR-TzVTz) and P(NDIR-Tz2)
synthesized by using NDIRTz2-Br2.
DFT calculations demonstrated that replacing thiophene with thiazole increases backbone
torsion by about 12 ° to 50 °. This originates from a greater volume taken by nitrogen lone
pair compared to the proton and C-H bonding electron pair. P(NDIR-Tz2)s and P(NDIR-
TzVTz)s exhibited high thermal stability with decomposition temperatures exceeding 410 °C
in TGA measurements. DSC scans showed higher melting/crystallization temperatures for
P(NDIR-Tz2)s in comparison with P(NDIR-T2)s indicating stronger interchain interaction
caused by the replacement of thiophene with thiazole. In case of P(NDIR-TzVTz)s no phase
transition was detected up to 350 °C. Optoelectronic properties were investigated by UV/Vis
spectroscopy and CV measurements. In comparison to P(NDIR-T2) and P(NDIR-TVT),
the incorporation of thiazole resulted in hypsochromic shifts of the high energy (pi→pi*) and
the low energy (n→pi*) transition band (CT band) as well as an approximate doubling in
intensity for the latter. Furthermore, while LUMO energy levels were only slightly lowered
by about 0.1 eV, HOMO energies dropped by about 0.4 eV reflecting the substantially
increased band gap and a small contribution of adjacent thiazoles to the LUMO topology
(Figure 4.6, left). Consequently, the energetic mismatch between electrode work function
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and HOMO energy inhibited an injection of holes and led to unipolar transport in the
fabricated TGBC-OFETs. In spite of their challenging solubility, first P(NDIR-Tz2)- and
P(NDIR-TzVTz)-based OFETs showed electron mobilities approaching 0.1 cm2/Vs. By
optimizing processing conditions, mobility values could be increased up to 0.5 cm2/Vs
for P(NDI2DT-Tz2) and, thus, become comparable with values for P(NDIR-T2) and
P(NDIR-TVT) (Figure 4.6, right). Furthermore, due to the low LUMO energies, a similar
ambient stability of the OFET performance is expected.
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Figure 4.6: By CV and UV/Vis spectroscopy determined HOMO and LUMO energy levels for
P(NDIR-Tz2)s and P(NDIR-TzVTz)s compared to corresponding thiophene-based analogs (left)
and obtained electron mobilities for P(NDIR-Tz2)s at different annealing temperatures.
The presented work on thiazole containing NDI-based pi-conjugated polymers should further
be continued aiming at investigating the thin film microstructure by GIWAXS and AFM
measurements. Additionally, (TD)DFT calculations would support the experimentally
obtained optoelectronic data and allow more insight into the electronic structure of
these novel SCPs. Especially, together with these investigations, the achieved results
should then be discussed in relation to existing data for the corresponding thiophene
analogs. Additionally, further optimization of the OFET fabrication conditions could
involve additives and methods to achieve a better orientation of the polymer chains in
the thin film. Furthermore, these novel SCPs are also interesting candidates as acceptor
component in the active layer of OSCs whereas studies should again include a comparison
with the performance of the respective thiophene analogs.
Regarding future structural modifications of NDI-based copolymers, to planarize the
polymer backbone of NDI-based SCPs the replacement of five-membered heterocycles
adjacent to NDI, such as thiophene in P(NDIR-T2), has to be explored. In this thesis,
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it is proposed to investigate the incorporation of vinyl units which, based on P(NDIR-
-T2), would result in P(NDIR-VT2V). Thereby, molecular structures where a vinyl unit is
directly attached to the NDI core were not reported so far according to a SciFinder analysis
on August 11, 2016. In order to support this idea, first DFT calculations were already
arranged and again performed by Florian Günther (Ion Beam Physics and Materials
Research, Helmholtz-Zentrum Dresden-Rossendorf), as previously carried out for thiazole-
based NDI polymers (Chapter 3.2.6). The calculations revealed that the model structure
NDI-VT2V-NDI possesses an almost perfectly planar geometry with torsion angles below
2 ° (Figure 4.7).
Steric repulsion? 
NDI-VT2V-NDI 
Extremely high degree of coplanarity with τ1-5 < 2 ° 
τ1 τ2 
τ3 τ4 τ5 
Figure 4.7: Molecular structure of P(NDIR-VT2V) and results of DFT calculations on the
respective model structure NDI-VT2V-NDI revealing an extremely high degree of coplanarity.
Color-atom-assignment: blue - nitrogen, gray - carbon, red - oxygen, yellow - sulfur and white -
hydrogen.
Moreover, based on the literature a feasibility study for the synthesis of P(NDIR-VT2V) was
additionally conducted. As a result, Figure 4.8 presents two synthetic routes which should
be considered for the realization of the copolymer structure. Route A thereby uses Stille
coupling polycondensation of commercially available NDIR-Br2 and the novel Sn-VT2V-Sn.
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The latter thereby could be synthesized from commercially available bithiophenes (T2 or
T2-Br2) by applying protocols for acetylenylation[350–352] and hydrostannylation.[353,354]
Figure 4.8: Proposed synthetic routes for the synthesis of P(NDIR-VT2V) based on Stille
coupling polycondensation and active-zinc polymerization.
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As alternative, route B is based on the active-zinc polymerization of NDIRV2T2-Br2
which could be obtained from NDIR-Br2 and TV-Sn upon Stille coupling and bromina-
tion using the reaction conditions described in this work. Again, acetylenylation and
hydrostannylation of thiophene compounds, T or T-Br, could afford TV-Sn. Additionally,
commercial sources also exist for acetylenylated thiophene. Another route starts from
commercially available 3-(2-thienyl)acrylic acid (TV-COOH) and involves decarboxylation-
chlorination/bromination [351,355,356] and stannylation[357] reactions to TV-Cl/Br and TV-
-Sn, respectively. Additionally, very few commercial sources offer TV-Cl/Br. Furthermore,
synthetic procedures based on Heck as well as Suzuki coupling polycondensations and
direct arylation polycondensations could also provide access to P(NDIR-VT2V). Finally,
it has to be considered that increasing the aromatic system by vinyl units and achieving
coplanarity will decrease the solubility. Here, side-chain engineering, reducing the donor
moiety to VTV or the introduction of additional side chains present possibilities to balance
this consequence.
NDI-based SCPs exhibit very high electron mobilities despite a substantial torsion along
the backbone. Since coplanarity was identified as key criterion for improving charge trans-
port properties, realizing backbone planarization for this class of pi-conjugated copolymers
is of high interest.[92, 93,127,210,211]
4.4 Diketopyrrolo[3,4-c]pyrrole-Based Copolymers
The last chapter of the main part dealt with the synthesis of diketopyrrolo[3,4-c]pyrrole-
(DPP)-based monomers, followed by an investigation of the commonly used Stille coupling
polycondensation towards DPP-based D-A copolymers, exemplarily for P(DPP2ODT2-T),
and, finally, with a study on the influence of reaction and processing conditions on the
charge transport properties.
The synthesis of the standard DPP-based monomer DPP2ODT2Br2 was found to be well
reproducible according to literature procedures (Figure 4.9). However, optimizing the
reaction conditions for the final bromination increased the yield of DPP2ODT2Br2 by more
than 30%. As side-chain engineering showed to be a powerful strategy to improve charge
transport properties,[9, 129,138,315] a versatile synthetic route for the preparation of various
side-chain structures was proposed comprising a Grignard alkylation of a halo ester and a
selective reduction of the resulting tertiary halo alcohol. Its feasibility was demonstrated
for Br-6DO obtained in an overall yield of 69% (Figure 4.10). The modularity is thereby
given by the choice of starting materials defining the position of the branching point and
the architecture of the branching chains, as indicated. Additionally, the procedure could
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Figure 4.9: Synthesized DPP-based monomers with variable side chains.
further be expanded to other starting materials such as acyl chlorides, Weinreb amides
or nitriles, and other organometallic compounds partially allowing to synthesize various
asymmetric side chains. Besides Br-6DO leading to DPP6DOT2Br2, methyl iodide was
also used to synthesize another novel monomer DPPMeT2Br2 (Figure 4.9). Due to the
absent strong electron-donating and solubilizing effect of long alkyl chains the bromination
towards and purification of DPPMeT2Br2 was challenging but realizable by intensively
exploring different methods.
Figure 4.10: Modular procedure for the synthesis of, for instance, alkyl halides like Br-6DO
used to attach side chains at potential monomers for SCPs.
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The investigation of the commonly used Stille coupling polycondensation towards DPP
based SCPs was performed employing DPP2ODT2Br2 and commercially available 2,5-bis-
(trimethylstanny)thiophene as well as different palladium catalysts (Figure 4.11). Thereby,
extremely high reaction rates were observed never described in the open literature so
far. For instance, using the common Pd2(dba)3 and P(o-tol)3 in a ratio of one to four
reproducibly allowed to reduce the reaction time from usually 1-3 d to only 15min without
lowering yield and molecular weight of the resulting P(DPP2ODT2-T) (Figure 4.11).
Furthermore, depending on the catalyst loading and catalyst reactivity different molecular
weight ranges were also accessible.
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Figure 4.11: Evolution of number-average molecular weights (Mn) of samples taken from Stille
coupling polycondensations in chlorobenzene at 130 °C catalyzed by different Pd catalysts with a
constant loading of 0.04 eq [Pd].
The discovery of extremely high reaction rates initiated the investigation of the impact of
reaction and processing conditions on the charge transport properties of P(DPP2ODT2-T).
Here, it was also studied whether existing procedures for the removal of possible Pd
residues by aqueous washings influence the charge carrier mobility.
Series of P(DPP2ODT2-T) batches were synthesized and analyzed by 1H-NMR, HT-GPC,
TGA, DSC, UV/Vis and CV whereas no impact of the polymerization time and washing
step on polymer structure, thermal and optoelectronic properties could be identified.
However, the electrical characterization of fabricated TGBC-OFETs, CAS measurements
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and AFM studies clearly revealed upon optimizing processing conditions that avoiding long
polymerization times and aqueous washing results in improved charge transport properties
due to larger ordered domains with less energetic disorder in the thin-film. In this way,
well-balanced ambipolar transport for P(DPP2ODT2-T)-based OFETs was achieved at
moderate gate voltages of ±40V with remarkably high electron and hole mobilities of
about 6.08 cm2/Vs and 4.09 cm2/Vs, respectively. Furthermore, peak mobilities approach
10 cm2/Vs and, thus, exceed published values for P(DPP2ODT2-T) by about one order of
magnitude and, moreover, demonstrate outstanding electron transport not reported for
P(DPP2ODT2-T) before.[336–340]
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Figure 4.12: Well-balanced ambipolar transport with high hole (µh) and electron mobilities
(µe) in annealed TGBC-OFETs based on the not additionally washed P(DPP2ODT2-T) sample
synthesized within 15min (left). High mobility values correlated with the formation of large
domains in thin films upon annealing, as observed by AFM (right).
In conclusion, an application of the optimized reaction and processing conditions to other
SCPs and devices is recommended because it could allow cost savings during synthesis
and improvements of the electrical performance in other organic electronic devices. In this
context, future work should also focus on the fabrication of OSCs.
Furthermore, in parallel to the scope of work for this thesis, synthesized polymers based on
DPP6DOT2Br2 were successfully used in p-doping experiments and showed outstanding
conductivities.[199] For this reason, they are currently used by the group of Dr. Aljoscha
Roch (Fraunhofer-Institut für Werkstoff- und Strahltechnik IWS Dresden, Germany) for the
fabrication of thermoelectric generators and already led to working devices. Additionally,
the other monomer DPPMeT2Br2 was recently and successfully used by the group of
Dr. Francesca Moresco (Chair of Materials Science and Nanotechnology, University of
Technology Dresden, Dresden, Germany) as starting material for on-surface polymerization
upon physical-vapor depostion on gold surfaces.
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4.5 Final General Remark
Within the scope of this doctoral thesis, current high-performance pi-conjugated semi-
conducting polymers, evolving as fundamental components for the next generation of
electronic devices,[9–17] were investigated to improve the present understanding about the
interdependency between molecular structure, material properties and charge transport in
organic field-effect transistors. The major findings of each main chapter are summarized
below comprising the impact of novel design concepts, precise structural modifications,
and synthetic and processing conditions.
1. The design concept of tuning the pi-conjugation length enables to gradually
modulate physical material properties and demonstrated that a strong
localization of frontier molecular orbitals in combination with a high degree
of thin-film ordering can provide a favorable platform for charge transport
in pi-conjugated semiconducting polymers.
2. The replacement of thiophene units with thiazoles in naphthalene diimide-
based pi-conjugated polymers allows to increase interchain interactions and
to lower frontier molecular orbitals. This compensates the potentially
detrimental enhancement of backbone torsion and drives the charge trans-
port to unipolar electron transport, whereas mobility values are partially
comparable with those of the respective thiophene-containing analogs.
3. pi-Conjugated diketopyrrolo[3,4-c]pyrrole-based copolymers can be synthe-
sized within fifteen minutes what, in combination with avoiding aqueous
washings and optimizing processing conditions, allowed to increase mor-
phological and energetic order and, thus, improved the charge transport
properties significantly.
In conclusion, the key findings of this doctoral thesis provide new significant insights into
important aspects of designing, synthesizing and processing high charge carrier mobility
polymers and can guide future research to further improve the performance of organic
field-effect transistors - decisive for promoting the development of the next generation
of electronic devices for application in healthcare, safety technology, transportation, and
communication.
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5.1 Materials
5.1 Materials
Compound Purity Source of supply
Acetonitrile (anhydrous) 99.8% Sigma-Aldrich
Ammonium chloride ≥ 99.5% Sigma-Aldrich
Bis(acetonitrile)dichloropalladium(II) 99.99% Sigma-Aldrich
1,2-Bis(5-(trimethylstannyl)thiophen-2-
yl)ethane
- Polyera Corporation
(USA)
trans-1,2-Bis(tributylstannyl)ethene 97% Sigma-Aldrich
5,5´-Bis(trimethylstannyl)-2,2´-bithiophene 97% Sigma-Aldrich
2,5-Bis(trimethylstannyl)thieno[3,2-b]thiophene 97% Sigma-Aldrich
Bis(triphenylphosphine)palladium(II) dichloride 98% Sigma-Aldrich
Bromine ≥ 99.5% Sigma-Aldrich
1-Bromododecane 97% Sigma-Aldrich
N -Bromosuccinimide 99% Sigma-Aldrich
5-Bromothiazole 95% Sigma-Aldrich
2-Bromothiophen 98% Sigma-Aldrich
n-Butyllithium (2.5M in hexane) - Sigma-Aldrich
Calcium chloride ≥ 97% Sigma-Aldrich
Calcium hydride 99.9% Sigma-Aldrich
Chlorobenzene (anhydrous) 99.8% Sigma-Aldrich
Chlorodiphenylsilane 90 % abcr GmbH
Chloroform ≥ 99.8% Acros-Organics
Chloroform-d ≥ 99% Sigma-Aldrich
18-Crown-6 ≥ 99% Sigma-Aldrich
2-Decyl-1-tetradecanol 97% Sigma-Aldrich
4,9-Dibromoisochromeno[6,5,4-def ]isochromene-
1,3,6,8-tetraone (NDA-Br2)
- IPF Dresden
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Compound Purity Source of supply
4,9-Dibromo-2,7-bis(2-octyldodecyl)-
benzo[lmn][3,8]phenanthroline-1,3,6,8(2H ,7H )-
tetraone (NDI2OD-Br2)
- IPF Dresden
1,2-Dichloroethane ≥ 99.0% Sigma-Aldrich
Dichloromethane 99.6% Acros-Organics
Dichloromethane-d2 ≥ 99% Sigma-Aldrich
Diethyl ether ≥ 99% Fischer Scientific
Diethyl ether (anhydrous) ≥ 99.8% Sigma-Aldrich
Dimethylformamide, anhydrous 99.8% Sigma-Aldrich
Dimethyl sulfoxide-d6 ≥ 99% Sigma-Aldrich
Dimethyl succinate 98% Sigma-Aldrich
(E)-1,2-Di(thiophen-2-yl)ethene ≥ 98% TCI
Ethanol 99.5% Acros Organics
Ethyl acetate 99.5% Acros Organics
Ethyl 6-bromohexanoate 99% abcr GmbH
Iron(III) chloride (anhydrous) ≥ 99.99% Sigma-Aldrich
Glacial acetic acid ≥ 99.7% Sigma-Aldrich
Ethyl acetate 99.5% Acros-Organics
Hexabutylditin 95% Sigma-Aldrich
Hexamethylditin 99% Sigma-Aldrich
Hexane ≥ 99.9% Merck / Sigma-Aldrich
Hydrazine hydrate, 55.3% - Sigma-Aldrich
Hydrochloric acid, 37% - Sigma-Aldrich
Hydrogen chloride – methanol solution (1.25M) - Sigma-Aldrich
Imidazole ≥ 99% Sigma-Aldrich
Indium(III) chloride (anhydrous) ≥ 99.99% Sigma-Aldrich
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Compound Purity Source of supply
Iodine ≥ 99.8% Sigma-Aldrich
Isopropanol ≥ 99.5% Fischer Scientific
Magnesium ≥ 99% Sigma-Aldrich
Magnesium sulfate ≥ 97% Fluka
Methanol ≥ 99% Fischer Scientific
2-Methyl-2-butanol, anhydrous ≥ 99% Sigma-Aldrich
Methyl iodide ≥ 99% Sigma-Aldrich
Naphthalene 99% Sigma-Aldrich
Sodium ≥ 99.8% Sigma-Aldrich
Sodium chloride ≥ 99.9% Sigma-Aldrich
2-Octyl-1-dodecanol 97% Sigma-Aldrich
Potassium carbonate (anhydrous) ≥ 99% Sigma-Aldrich
Potassium phthalimide 98% Sigma-Aldrich
Poly(methyl methacrylate), Mw=120 kg/mol - Sigma-Aldrich
Propionic acid ≥ 99.5% Sigma-Aldrich
Pyridine ≥ 99% Sigma-Aldrich
Silica gel (pore size 60Å, 60 - 100 mesh) ≥ 99% Sigma-Aldrich
Silver nitrate ≥ 99% Sigma-Aldrich
Sodium hydrogen carbonate ≥ 99.5% Sigma-Aldrich
Sodium sulfate ≥ 99% Sigma-Aldrich
Sodium thiosulfate 99% Sigma-Aldrich
Tetrabutylammonium hexafluorophosphate ≥ 99% Sigma-Aldrich
Tetrachloroethane-d2 ≥ 99% Sigma-Aldrich
Tetrahydrofuran (anhydrous, ≤ 0.005% water) ≥ 99.9% Sigma-Aldrich
Tetrahydrofuran (absolute, < 0.005% water) ≥ 99.9% Sigma-Aldrich
Tetrakis(triphenylphosphine)palladium(0) 99% Sigma-Aldrich
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Verbindung Purity Source of supply
N ,N ,N´,N´-Tetramethylethylenediamine ≥ 99.5% Sigma-Aldrich
2-Thiophenecarbonitrile 99% Sigma-Aldrich
2-(Tri-n-butylstannyl)thiophene 97% Sigma-Aldrich
2-(Tri-n-butylstannyl)thiazole 97% Sigma-Aldrich
Trimethyltin chloride (1M in hexane) - Sigma-Aldrich
Triphenylphosphine 99% Sigma-Aldrich
Tris(dibenzylidenaceton)palladium(0) 97% Sigma-Aldrich
Tri(o-tolyl)phosphine 97% Sigma-Aldrich
Xylene (mixture of isomers) ≥ 98.5% Sigma-Aldrich
Zinc chloride (anhydrous) 99.99% Sigma-Aldrich
5.2 Instrumentation
Atomic force microscopy (AFM)
Morphological surface analyses were carried out using a Bruker Dimension Icon microscope
in tapping mode equipped with silicon-SPM-sensors (BudgetSensors, Bulgaria) with spring
constant of about 40N/m and a resonance frequency of about 300 kHz. The tip radius
was lower than 10 nm.
Cyclic voltammetry (CV)
Measurements were performed under intert atmosphere using a deoxygenated solution
of tetra-n-butylammonium hexafluorophosphate (NBu4PF6) in anhydrous acetonitrile
(0.1mol/l) at 50mV/s scan rate. The three-electrode setup comprised a non-aqueous sil-
ver/silver ion (Ag/Ag+) reference electrode (silver wire in acetonitrile containing 0.1mol/l
NBu4PF6and 0.01mol/l AgNO3), a platinum wire as auxiliary electrode and a platinum
disk working electrode. For CV investigations of small molecules, a small amount of
the solid was dissolved in the electrolyte solution. In case of polymers, a thin film of
the sample was freshly deposited on the working electrode prior to each measurement
by drop casting. The voltammograms were recorded and referenced to the signal of the
ferrocene/ferrocenium (Fc/Fc+) redox couple as external standard. For this the half-wave
potential was determined for each measurement day by the average of six measurements,
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three at the beginning and end, respectively. A second CV cell stand was equipped with
a silver wire as pseudo-reference electrode and Fc/Fc+ was used as internal standard.
HOMO and LUMO energies were calculated as stated for the specific cases.
Degassing of solvents and solutions
Under inert atmosphere and vigorous stirring, the relevant liquid in a sealed, flame
dried flask was frozen by immersion in liquid nitrogen. Then, vacuum was applied for
several minutes before the flask was closed again and warmed using a hot water bath
until complete melting of the liquid. The whole process was repeated twice more and
finally the flask was backfilled with inert atmosphere. Usually, the degassed liquid can
be stored for 1-2 days in a sealed flask. This method is also known as “Freeze-Pump-Thaw“.
Differential scanning calorimetry (DSC)
Differential scanning calorimetry was performed on a TA Instruments Q1000 at a scan
rate of 10K/min under nitrogen atmosphere.
Elemental analysis (EA)
Elemental analyses of polymer samples were carried out by Midwest Microlab (Indianapolis,
IN, USA).
Gas chromatography-mass spectrometry (GC/MS)
Measurements were carried out on an Agilent GC/MS system comprising a gas chromato-
graph GC7890A (GC column HP-5MS and helium carrier gas at 1ml/min and 300 °C inlet
temperature) and a mass selective detector 5975C inert XL EI/CI (electron impact ioniza-
tion at 70 eV). The GC oven temperature was set to 50 °C for 2min and then increased
by 12 °C/min to 280 °C. A volume of 1 µl sample solution (3mg/ml in THF) was injected
with a split of 1 : 100.
High-temperature gel permeation chromatography (HT-GPC)
For HT-GPC measurements against polystyrene (PS) standards an Agilent PL-GPC 220
with two MIXED-B-LS columns was used working with 1,2,4-trichlorobenzene as eluent
at 150 °C and 1 ml/min flow rate. Polymer samples were dissolved (2.5 - 3.0mg/ml) at
100 - 150 °C for at least 7 h prior to the measurements.
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Lower temperature gel permeation chromatography (LT-GPC)
Gel permeation chromatography (GPC) were performed at 40 °C using a Polymer Lab-
oratories PL-GPC 50 Plus normal-temperature size exclusion chromatograph equipped
with a UV/Vis and a refractive index detector. The three column system consisted of a
ResiPore precolumn, a ResiPore as first main column and a PLgel 5µm Mixed-C as second
main column. Chloroform was used as eluent at 1 ml/min flow rate. Sample solutions
(≈ 2mg/ml) were filtered (0.2µm PTFE) prior to the injection. Number average molecular
weights (Mn) and polydispersities (Ð=Mw/Mn) were determined based on a calibration
with polystyrene (PS) standards from Polymer Standards Service.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF-MS)
MALDI-TOF mass spectra were recorded on a Bruker Autoflex Speed MALDI-TOF-/TOF-
TOF system in reflector mode using a smartbeam laser (modified Nd:YAG laser). Samples
were prepared by mixing equal volumes of the analyte (1mg/ml in THF) and dithranol as
matrix (10mg/ml in THF) and spotting the mixture on the MALDI plate.
Nuclear magnetic resonance (NMR) spectroscopy
A Bruker Avance III 500 spectrometer was used to record proton 1H-NMR spectra at
500.13MHz, carbon 13C-NMR spectra at 125.75MHz and phosphorus 31P-NMR spectra
at 202.46 MHz. On a Varian Unity Plus 400 spectrometer 1H-NMR spectra and car-
bon 13C-NMR spectra were recorded at 399.75MHz and 100.53MHz, respectively. The
measurements were performed using the specified solvents at 26 - 30 °C, unless otherwise
indicated, and the spectra were referenced to the residual non-deuterated solvent signals of
chloroform-d (CDCl3: δ(1H)=7.26 ppm, δ(13C)=77.16 ppm), dichloromethane-d2 (CD2Cl2:
δ(1H)=5.32 ppm), dimethylsulfoxid-d6 ((CD3)2SO: δ(1H)=2.50 ppm, δ(13C)=39.52 ppm)
or tetrachloroethane-d2 (C2D2Cl4: δ(1H)=5.98 ppm, δ(13C)=73.37 ppm). 31P-NMR spec-
tra were externally referenced on H3PO4 δ(31P)=0.00 ppm. Abbreviations were used
for 1H-/13C-NMR spectra data as listed: s - singlet, d - doublet, dd - doublet of doublet,
t - triplet, qua - quartet, qui - quintett, sep - septet, m -multiplet, br. s. - broad signal and
Cq - quaternary carbon atom.
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Thermogravimetric analysis (TGA)
The thermal stability of polymers was investigated on a TA Instruments Q5000 applying
a nitrogen gas flow and a heating rate of 10K/min.
Ultraviolet-visible (UV/Vis) absorption spectroscopy
UV/Vis spectra were recorded using a Varian Cary 50 at a scan rate of 600 nm/min, a
Perkin Elmer Lambda 800 at a scan rate of 600 nm/min and a Analytik Jena Specord 210
Plus at a scan rate of 20 nm/s. For thin film UV/Vis measurements, polymer samples were
fabricated on glass slides by drop casting from chloroform, toluene or chlorobenzene solu-
tions (c≈ 1mg/ml). Diluted 1-chloronaphthalene, chloroform or chlorobenzene solutions
of the polymers (crepeating unit≈ 10-5mol/l) were prepared for solution UV/Vis spectroscopy
at room temperature.
5.3 Monomer Syntheses
9-(Iodmethyl)nonadecane (I-2OD)
In sum, 115ml DCM were used to separately dissolve 23.90ml (67.08mmol, 1.0 eq.) 2-
octyl-1-dodecanol, 21.10 g (80.45mmol, 1.2 eq.) triphenylphosphine and 5.48 g (80.49mmol,
1.2 eq.) imidazole. At 0 °C, 19.56 g (77.07mmol, 1.15 eq.) iodine were added in portions to
the combined solutions. After stirring for 45min at 0 °C, the cooling bath was removed
and the stirring maintained for 17 h before pouring the mixture into aqueous sodium
thiosulfate solution. The aqueous layer was extracted twice with DCM and once with
hexane, the combined organic phases washed with water and brine and dried over MgSO4.
After concentrating under reduced pressure, the white residue was suspended in hexane
and the mixture passed through a silica gel plug. After repeating this procedure once
more and removing the solvents under reduced pressure, the product was obtained as a
colorless oil.
Yield: 27.12 g (66.40mmol, 99%)
GC/MS: [M-I]+: 281.3 (th. [M-I]+: 281.32)
Rf value: 0.54 (SiO2 / hexane)
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4'
5'
6'
7'
8'
9'
10'
3'
2
1
3
I
4
5
6
7
8
9
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12
1H-NMR (CDCl3, 500MHz)
δ [ppm] = 3.27 (d, 2H, 1-H, 3J 1/2=4.7Hz), 1.46 - 1.17 (m, 32H, 3-H to 11-H and 3’-H bis
9’-H), 1.13 (m, 1H, 2-H), 0.89 (t, 6H, 12-H and 10’-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 38.76 (CH, 2-C), 34.42 (CH2, 3-C and 3’-C), 31.92 - 31.89 (CH2, 10-C and 8’-C),
29.73 - 29.29 (CH2, 5-C to 9-C and 5’-C bis 7’-C), 26.51 (CH2, 4-C and 4’-C), 22.68 (CH2,
11-C and 9’-C), 16.77 (CH2, 1-C), 14.09 (CH3, 12-C and 10’-C).
11-(Iodmethyl)tricosane (I-2DT)
Using the same procedure as described for I-2OD and 270ml DCM, 50.12 g (0.14mol,
1.0 eq.) 2-decyl-1-tetradecanol, 44.60 g (0.17mol, 1.2 eq.) triphenylphosphine, 11.55 g
(0.17mol, 1.2 eq.) imidazole and 41.25 (0.16mol, 1.15 eq.) afforded the desired product as
colorless oil.
Yield: 60.38 g (0.13mmol, 92%)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 3.27 (d, 2H, 1-H, 3J 1/2=4.7Hz), 1.46 - 1.17 (m, 40H, 3-H to 13-H and 3’-H to
11’-H), 1.12 (m, 1H, 2-H), 0.89 (t, 6H, 14-H and 12’-H).
2-(2-decyltetradecyl)isoindoline-1,3-dione (PTI-2DT)
To a solution of 35.00 g (75.34mmol, 1.0 eq.) I-2DT in 100ml DMF were added 17.79 g
(94.14mmol, 1.25 eq.) potassium phthalimide under vigorous stirring. After stirring 6 h at
room temperature and 14 h at 70 °C an additional portion of 2.01 g (10.85mmol, 0.14 eq.)
potassium phthalimide was added and the mixture heated to 90 °C. After 16 h the cooled
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reaction mixture was diluted with ether, washed with water and brine, dried over MgSO4
and concentrated under reduced pressure. Solids were removed by adding hexane and
passing the suspension through a silica gel plug yielding a colorless oil after removing the
solvents under reduced pressure.
Yield: 33.41 g (69.05mmol, 92%)
Rf value: 0.50 (SiO2 / 50% DCM in hexane)
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2-(2-decyltetradecyl)isoindoline-1,3-dione
Molecular Weight: 483,77
15
16
O O
1H-NMR (CDCl3, 500MHz)
δ [ppm] = 7.84 (m, 2H, 15-H), 7.70 (m, 2H, 16-H), 3.57 (d, 2H, 1-H, 3J 1/2=7.3Hz), 1.88
(m, 1H, 2-H) 1.47 - 1.18 (m, 40H, 3-H to 13-H and 3’-H to 11’-H), 0.88 and 0.88 (t each,
6H, 14-H and 12’-H).
2-Decyltetradecan-1-amine (NH2-2DT)
To a solution of 33.41 g (69.05mmol, 1.0 eq.) PTI-2DT in 300ml MeOH were added 17.79 g
(94.14mmol, 1.25 eq.) hydrazine hydrate (55.3%) and the solution was refluxed for 2 h
at 95 °C. Solids in the cooled reaction mixture were dissolved by adding aqueous KOH
solution (10weight-%) before the aqueous phase was extracted with chloroform and the
combined organic phase washed with brine, dried over MgSO4, concentrated under reduced
pressure and finally filtered trough a 0.2 µm PTFE filter. The product was obtained as
colorless oil and used without further purification.
Yield: 20.76 g (58.70mmol, 85%)
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2-decyltetradecan-1-amine
Molecular Weight: 353,671H-NMR (CDCl3, 500MHz)
δ [ppm] = 2.60 (d, 2H, 1-H, 3J 1/2=5.0Hz), 1.41 (m, 1H, 2-H) 1.36 - 1.07 (m, 40H, 3-H to
13-H and 3’-H bis 11’-H), 0.88 (t, 6H, 14-H and 12’-H).
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13-(5-Bromopentyl)pentacosan-13-ol (Br-6DO-OH)
Under nitrogen atmosphere, 0.73 g (30.0mmol, 2.1 eq.) magnesium shavings and an iodine
crystal were heated to 100 °C before adding 30ml anhydrous diethyl ether in one portion
and 7.96 g (31.4mmol, 2.2 eq.) 1-bromododecane dropwise over 30min upon cooling. After
refluxing until complete conversion of the metal (≈ 4 h) a small sample was taken from
the solution, quenched with 1M HCl and worked up by standard extraction and drying
for 1H-NMR and GC/MS analysis.
Separately, under nitrogen atmosphere, a flame dried flask was charged with 3.19 g
(14.3mmol, 1.0 eq.) ethyl 6-bromohexanoate in 30ml anhydrous diethyl ether and in drops
the Grignard reagent was added at 0 °C over 1 h. After stirring for 1 h at 0 °C and for 2 h
at room temperature the mixture was poured into aqueous, saturated NH4Cl solution, the
organic layer washed with water and brine, dried over MgSO4 and the solvents removed
in vacuum. The residue was dissolved in hexane, passed through a silica gel plug using
hexane and finally ethyl acetate to elute the raw product. The target was isolated by
column chromatography using 3 - 20% diethyl ether in hexane (best separation effect at
3% diethyl ether) as colorless oil solidifying upon prolonged standing.
Yield: 5.32 g (10.3mmol, 72%)
MALDI-TOF-MS: [M]+: 516.0 (th. [M]+: 516.39)
Rf value: 0.39 (SiO2 / 20% diethyl ether in hexane)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 3.41 (t, 2H, 1-H, 3J 1/2=6.8Hz), 1.88 (m, 2H, 2-H), 1.51 - 1.36 (m, 8H, 3-H,
5-H, 7-H), 1.36 - 1.19 (m, 42H, 4-H, 8-H to 17-H), 1.08 (br. s.), 1H, 19-H), 0.88 (t, 6H,
18-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 74.29 (Cq, 6-C), 39.26 (CH2, 7-C), 39.09 (CH2, 5-C), 33.70 (CH2, 1-C), 32.78
(CH2, 2-C), 31.90 (CH2, 16-C), 30.26 (CH2, 9-C), 29.66 - 29.33 (CH2, 10-H to 15-H), 28.80
(CH2, 3-C), 23.47 (CH2, 8-C), 22.66 (CH2, 17-C), 22.64 (CH2, 4-C), 14.06 (CH3, 18-C).
The data processing of the GC/MS sample resulted in 60% dodecane and 3% 1-bromodode-
cane and 37% tetracosane caused by homocoupling. To avoid an incomplete conversion of
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the ethyl ester 2.1 eq. commercially available 1-dodecylmagnesium bromide (1M in diethyl
ether) was alternatively used yielding the target molecule in 85%.
13-(5-Bromopentyl)pentacosane (Br-6DO)
Under inert atmosphere 11mg (0.05mmol, 0.05 eq.) anhydrous indium(III) chloride
were suspended in 0.50 g (0.97mmol, 1.0 eq.) 13-(5-bromopentyl)pentacosan-13-ol (Br-
6DO-OH) and 5ml anhydrous 1,2-dichloroethane whereupon 0.24 g (0.97mmol, 1.0 eq.)
chlorodiphenylsilane were added dropwise. After stirring for 4 h at 80 °C the cooled mixture
was diluted with diethyl ether and water, the organic layer washed with water and brine,
dried over MgSO4and the solvents removed under reduced pressure. The residue was
adsorbed on silica gel, layered on top of a silica gel plug and the target eluted with hexane.
After evaporating the solvents the target was isolated as colorless oil.
Yield: 0.39 g (0.79mmol, 81%)
GC/MS: [M-C12H25]+: 331.1 (th. [M-C12H25]+: 331.20)
Rf value: 0.64 (SiO2 / hexane)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 3.41 (t, 2H, 1-H, 3J 1/2=6.9Hz), 1.88 (q, 2H, 2-H, 3J 2/3=7.4Hz), 1.41 (q, 2H,
3-H,3J 2/3=7.4Hz), 1.36 - 1.04 (m, 49H, 4-H to 17-H), 0.89 (t, 6H, 18-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 37.35 (CH, 6-C), 33.95 (CH2, 1-C), 33.67 (CH2, 7-C), 33.53 (CH2, 5-C), 32.91
(CH2, 2-C), 31.93 (CH2, 16-C), 30.13 (CH2, 9-C), 29.71 - 29.36 (CH2, 10-H to 15-H), 28.68
(CH2, 3-C), 26.70 (CH2, 8-C), 25.91 (CH2, 4-C), 22.69 (CH2, 17-C), 14.10 (CH3, 18-C).
3,6-Di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione
(DPPHT2)
Under nitrogen atmosphere a three-neck flask with condenser was charged with 60ml
(0.55mol, 13.7 eq.) anhydrous 2-methyl-2-butanol, 3.45 g (0.15mol, 3.8 eq.) sodium and
40mg (0.25mmol, 0.01 eq.) anhydrous iron(III) chloride and the mixture was stirred for
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about 60min at 110 °C until complete conversion of the metal. Rapidly 10.93 g (0.10mol,
2.5 eq.) 2-thiophenecarbonitrile were added followed by a dropwise addition of 5.84 g
(0.04mol, 1.0 eq.) dimethyl succinate in 5ml 2-methyl-2-butanol over 30min. After 2 h
at 110 °C, the reaction mixture was cooled to 50 °C, diluted with 50ml methanol and
slowly acidified with 15ml glacial acetic acid. Upon refluxing for 5min the cooled reaction
mixture was poured in 500ml ice water, the precipitates were collected and intensively
washed by suspending and filtrating using water and warm methanol. The final residue
was dried under vacuum at 50 °C yielding a brick-red solid.
Yield: 7.21 g (24mmol, 60%)
6
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1H-NMR (DMSO-d6, 500MHz)
δ [ppm] = 11.21 (s, 2H, 8-H), 8.21 (dd, 2H, 3-H, 3J 2/3=3.7Hz, 4J 1/3=1.1Hz), 7.95 (dd,
2H, 1-H,3J 1/2=5.0Hz, 4J 1/3=1.1Hz), 7.30 (dd, 2H, 2-H,3J 1/2=5.0Hz, 3J 2/3=3.7Hz).
13C-NMR (DMSO-d6, 125MHz)
δ [ppm] = 161.67 (Cq, 7-C), 136.20 (Cq, 5-C), 132.67 (CH, 1-C), 131.31 (CH, 3-C), 130.85
(Cq, 4-C), 128.74 (CH, 2-C), 108.61 (Cq, 6-C).
Using 17.1 eq. anhydrous 2-methyl-2butanol, 3.0 eq of 2-thiophenecarbonitrile and 4.8 eq.
sodium and increasing the reaction time to 17 h did not result in higher yields (about
56%) but additionally changing to diethyl succinate increased the yield to 77%.
2,5-Bis(2-octyldodecyl)-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (DPP2ODT2)
In 150ml anhydrous dimethylformamide 7.61 g (25.34mmol, 1.0 eq.) 3,6-di(thiophen-
2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H )-dione (DPPHT2) and 0.34 g (1.27mmol, 0.05 eq.)
18-crown-6 were dissolved at 120 °C before 12.26 g (88.68mmol, 3.5 eq.) anhydrous K2CO3
were added. After 1 h 27.89 g (68.28mmol, 2.7 eq.) 9-(iodmethyl)nonadecane (I-2OD) were
added dropwise over 1 h and stirring was maintained for 20 h. The cooled reaction mixture
was diluted with 20ml water and 15ml ethyl acetate, concentrated in vacuum, dissolved
176
5.3 Monomer Syntheses
in ethyl acetate, washed with water and dried using MgSO4. After removing solvents
under reduced pressure, the residue was precipitated from chloroform into methanol and
the collected precipitates were further purified via column chromatography using 0 - 10%
diethyl ether in hexane (best separation effect at 4%) resulting in a dark red solid.
Yield: 9.02 g (10.47mmol, 41%)
MALDI-TOF-MS: [M]+: 860.6 (th. [M]+: 860.63)
Rf value: 0.36 (SiO2 / 10% diethyl ether in hexane)
6
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.86 (dd, 2H, 3-H, 3J 2/3=3.8Hz, 4J 1/3=1.1Hz), 7.61 (dd, 2H, 1-H,3J 1/2=
5.0Hz, 4J 1/3=1.1Hz), 7.26 (dd, 2H, 2-H,3J 1/2=5.0Hz, 3J 2/3=3.8Hz), 4.02 (d, 4H, 8-H,
3J 8/9= 7.8Hz), 1.91 (m, 2H, 9-H), 1.46 - 1.03 (m, 64H, 10-H to 18-H and 10’-H to 16’-H),
0.87 and 0.86 (t each, 12H, 19-H and 17’-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 161.76 (Cq, 7-C), 140.43 (Cq, 5-C), 135.16 (CH, 3-C), 130.39 (CH, 1-C), 129.87
(Cq, 4-C), 128.36 (CH, 2-C), 108.00 (Cq, 6-C), 46.25 (CH2, 8-C), 37.75 (CH, 9-C), 31.91
and 31.87 (CH2, 17-C and 15’-C), 31.23 (CH2, 10-C and 10’-C), 30.00 - 29.28 (CH2, 12-C
to 16-C and 12’-C to 14’-C), 26.22 (CH2, 11-C and 11’-C), 22.67 and 22.65 (CH2, 18-C
and 16’-C), 14.09 (CH3, 19-C and 17’-C).
3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(2-octyldodecyl)pyrrolo-
[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP2ODT2Br2)
To a solution of 5.62 g (6.52mmol, 1.0 eq.) 2,5-bis(2-octyldodecyl)-3,6-di(thiophen-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H )-dione (DPP2ODT2) in 435ml chloroform at 0 °C was
added 2.77 g (15.56mmol, 2.39 eq.) N -bromosuccinimide in portions. After stirring for 16 h
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protected from light the reaction solution was washed with water and brine and dried over
MgSO4. Upon removing solvents in vacuum the target material was isolated by column
chromatography, using 4 - 10% diethyl ether in hexane (best separation effect at 4%), as
dark purple solid in high purity.
Yield: 5.85 g (5.74mmol, 88%)
MALDI-TOF-MS: [M]+: 1016.4 (th. [M]+: 1016.45)
Rf value: 0.59 (SiO2 / 10% diethyl ether in hexane)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.61 (d, 2H, 3-H, 3J 2/3=4.3Hz), 7.21 (d, 2H, 2-H, 3J 2/3=4.3Hz), 3.92 (d, 4H,
8-H, 3J 8/9=7.9Hz), 1.88 (m, 2H, 9-H), 1.44 - 1.05 (m, 64H, 10-H to 18-H and 10’-H to
16’-H), 0.88 and 0.86 (t each, 12H, 19-H and 17’-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 161.41 (Cq, 7-C), 139.39 (Cq, 5-C), 135.28 (CH, 3-C), 131.43 (CH, 2-C), 131.22
(Cq, 4-C), 118.93 (Cq, 1-C), 108.06 (Cq, 6-C), 46.37 (CH2, 8-C), 37.77 (CH, 9-C), 31.92
and 31.88 (CH2, 17-C and 15’-C), 31.21 (CH2, 10-C and 10’-C), 29.98 - 29.28 (CH2, 12-C
to 16-C and 12’-C to 14’-C), 26.20 (CH2, 11-C and 11’-C), 22.68 and 22.66 (CH2, 18-C
and 16’-C), 14.09 (CH3, 19-C and 17’-C).
The target molecule was also prepared using different solvents while maintaining all other
reaction parameters constant. The yield decreased to 67% when performing the reaction
in chloroform/glacial acetic acid (volume ratio 10 : 1) and dropped to 35% using pure
THF.
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3,6-Di([2,2’-bithiophen]-5-yl)-2,5-bis(2-octyldodecyl)pyrrolo-
[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP2ODT4)
A solution of 530mg (0.52mmol, 1.0 eq.) 3,6-bis(5-bromthiophen-2-yl)-2,5-bis(2-octyldode-
cyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H )-dione (DPP2ODT2Br2), 602mg (1.61mmol, 3.1 eq.)
2-(tributylstannyl)thiophene and 33mg (0.03mmol, 0.05 eq.) tetrakis(triphenylphosphine)-
palladium(0) in 10ml anhydrous THF was stirred 17 h at 65 °C. Due to a low conversion
confirmed by TLC, 9.6mg (0.01mmol, 0.02 eq.) tris(dibenzylideneacetone)dipalladium(0)
and 12.7mg (0.04mmol, 0.08 eq.) tri(o-tolyl)phosphine were dissolved in 10ml anhydrous
chlorobenzene and added to the reaction mixture. After stirring for 2 h at 85 °C the cooled
mixture was diluted with ethyl acetate, poured in 2M hydrochloric acid and the organic
phase washed with water and brine and dried over MgSO4. Upon removing the solvents
under reduced pressure the raw material was purified by column chromatography, using
10 - 50% DCM in hexane (best separation effect at 30% DCM), yielding a dark blue solid.
Yield: 466mg (0.45mmol, 87%)
MALDI-TOF-MS: [M]+: 1025.0 (th. [M]+: 1024.60)
Rf value: 0.17 (SiO2 / 30% DCM in hexane)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.90 (d, 2H, 7-H, 3J 6/7=4.0Hz), 7.33 (dd, 2H, 1-H, 3J 1/2=5.0Hz, 4J 1/3=
1.0Hz), 7.32 (d, 2H, 3-H, 3J 2/3=3.7Hz), 7.31 (d, 2H, 6-H, 3J 6/7=4.0Hz), 7.07 (dd,
2H, 2-H, 3J 1/2=5.0Hz, 3J 2/3=3.7Hz), 4.04 (d, 4H, 12-H, 3J 12/13=7.7Hz), 1.97 (m, 2H,
13-H), 1.42 - 1.15 (m, 64H, 14-H to 22-H and 14’-H to 20’-H), 0.86 and 0.85 (t each, 12H,
23-H and 21’-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 161.62 (Cq, 11-C), 142.62 (Cq, 5-C), 139.49 (Cq, 9-C), 136.55 (CH, 7-C), 136.27
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(Cq, 4-C), 128.20 (CH, 2-C), 128.18 (Cq, 8-C), 126.15 (CH, 1-C), 125.07 (CH, 3-C), 124.73
(CH, 6-C), 108.37 (Cq, 10-C), 46.33 (CH2, 12-C), 37.94 (CH, 13-C), 31.91 and 31.88 (CH2,
21-C and 19’-C), 31.37 (CH2, 14-C and 14’-C), 30.05 - 29.29 (CH2, 16-C to 20-C and 16’-C
to 18’-C), 26.36 (CH2, 15-C and 15’-C), 22.67 and 22.65 (CH2, 22-C and 20’-C), 14.08
(CH3, 23-C and 21’-C).
3,6-Bis(5’-brom-[2,2’-bithiophen]-5-yl)-2,5-bis(2-octyldodecyl)-
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP2ODT4Br2)
At 0 °C 80mg (0.45mmol, 2.3 eq.) N -bromosuccinimide were added to a solution of
200mg (0.20mmol, 1.0 eq.) 3,6-di([2,2’-bithiophen]-5-yl)-2,5-bis(2-octyldodecyl)pyrrolo-
[3,4-c]pyrrole-1,4(2H,5H )-dione (DPP2ODT4) in 14ml chloroform and stirred for 17 h
under light protection. Then, water was added and the organic phase washed with water
and brine and dried over MgSO4. Upon evaporating to dryness the target compound was
purified by column chromatography, using 20 - 40% DCM in hexane (best separation effect
at 20% DCM), and obtained as dark solid.
Yield: 166mg (0.14mmol, 72%)
MALDI-TOF-MS: [M]+: 1180.0 (th. [M]+: 1180.43)
Rf value: 0.25 (SiO2 / 30% DCM in hexane)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.85 (d, 2H, 7-H, 3J 6/7=4.1Hz), 7.23 (d, 2H, 6-H, 3J 6/7=4.1Hz), 7.05 (d, 2H,
3-H, 3J 2/3=3.9Hz), 7.02 (d, 2H, 2-H, 3J 2/3=3.9Hz), 4.01 (d, 4H, 12-H, 3J 12/13=7.7Hz),
1.94 (m, 2H, 13-H), 1.41 - 1.14 (m, 64H, 14-H to 22-H and 14’-H to 20’-H), 0.87 and 0.85
(t each, 12H, 23-H and 21’-H).
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13C-NMR (CDCl3, 125MHz)
δ [ppm] = 161.55 (Cq, 11-C), 141.36 (Cq, 5-C), 139.39 (Cq, 9-C), 137.69 (Cq, 4-C), 136.45
(CH, 7-C), 131.07 (CH, 2-C), 128.50 (Cq, 8-C), 125.09 (CH, 3-C), 124.85 (CH, 6-C), 113.15
(Cq, 1-C), 108.59 (Cq, 10-C), 46.34 (CH2, 12-C), 37.94 (CH, 13-C), 31.91 and 31.90 (CH2,
21-C and 19’-C), 31.36 (CH2, 14-C and 14’-C), 30.05 - 29.31 (CH2, 16-C to 20-C and 16’-C
to 18’-C), 26.36 (CH2, 15-C and 15’-C), 22.69 and 22.66 (CH2, 22-C and 20’-C), 14.10
(CH3, 23-C and 21’-C).
2,5-Bis(6-dodecyloctadecyl)-3,6-di(thiophen-2-yl)pyrrolo-
[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP6DOT2)
Under nitrogen atmosphere 2.05 g (6.82mmol, 1.0 eq.) 3,6-di(thiophen-2-yl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H )-dione (DPPHT2) were dissolved in 50ml anhydrous DMF, 0.09 g
(0.34mmol, 0.05 eq.) 18-crown-6 and 3.30 g (23.87mmol, 3.5 eq.) potassium carbonate
were added to the solution and the mixture stirred at 120 °C for 1 h. Afterwards, 7.53 g
(15.01mmol, 2.2 eq.) 13-(5-bromopentyl)pentacosane (Br-6DO) was dropwise added over
1 h. After stirring for 20 h at 120 °C the cooled reaction mixture was combined with aqueous,
saturated NH4Cl solution, DMF was removed under vacuum and the residue taken up
in chloroform before washing the organic phase with water and brine and drying over
MgSO4. The raw product was purified by column chromatography, using 0 - 8% diethyl
ether in hexane (best separation effect at 2% diethyl ether), and the target compound
was obtained as dark red solid.
Yield: 4.94 g (4.33mmol, 63%)
MALDI-TOF-MS: [M]+: 1140.9 (th. [M]+: 1140.94)
Rf value: 0.33 (SiO2 / 10% diethyl ether in hexane)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.93 (dd, 2H, 3-H, 3J 2/3=3.9Hz, 4J 1/3=1.0Hz), 7.63 (dd, 2H, 1-H,3J 1/2=
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5.2Hz, 4J 1/3=1.0Hz), 7.28 (dd, 2H, 2-H,3J 1/2= 5.2Hz, 3J 2/3=3.9Hz), 4.07 (m, 4H,
8-H), 1.75 (m, 4H, 9-H), 1.40 (m, 4H, 10-H), 1.35 - 1.08 (m, 98H, 11-H to 24-H), 0.88 (m,
12H, 25-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 161.38 (Cq, 7-C), 140.02 (Cq, 5-C), 135.24 (CH, 3-C), 130.58 (CH, 1-C), 129.83
(Cq, 4-C), 128.59 (CH, 2-C), 107.75 (Cq, 6-C), 42.29 (CH2, 8-C), 37.40 (CH, 13-C), 33.67
(CH2, 14-C), 33.63 (CH2, 12-C), 31.92 (CH2, 23-C), 30.02 (CH2, 9-C), 30.16 - 29,35 (CH2,
15-C to 22-C), 27.40 (CH2, 10-C), 26.71 (CH2, 15-C), 26.41 (CH2, 11-C), 22.68 (CH2,
24-C), 14.09 (CH3, 25-C).
3,6-Bis(5-bromothiophen-2-yl)-2,5-bis(6-dodecyloctadecyl)-
pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP6DOT2Br2)
Under light protection and at 0 °C 1.18 g (6.64mmol, 2.1 eq.) N -bromosuccinimide were
added in one portion to a solution of 3.61 g (3.16mmol, 1.0 eq.) 2,5-bis(6-dodecyloctadecyl)-
3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H )-dione (DPP6DOT2) in 210ml chlo-
roform. After stirring for 16 h water was added, the organic phase washed with water
and brine, dried over MgSO4 and the raw product purified by column chromatography,
using 2% diethyl ether in hexane and 100% chloroform, and by silica gel plug, using 10%
diethyl ether in hexane, yielding the target compound as black-purple solid.
Yield: 3.82 g (3.09mmol, 93%)
MALDI-TOF-MS: [M]+: 1296.7 (th. [M]+: 1296.76)
Rf value: 0.47 (SiO2 / 10% diethyl ether in hexane)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.68 (d, 2H, 3-H, 3J 2/3=4.2Hz), 7.23 (d, 2H, 2-H,3J 2/3=4.2Hz), 3.98 (m, 4H,
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8-H), 1.72 (m, 4H, 9-H), 1.39 (m, 4H, 10-H), 1.35 - 1.08 (m, 98H, 11-H to 24-H), 0.88 (m,
12H, 25-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 161.00 (Cq, 7-C), 138.96 (Cq, 5-C), 135.35 (CH, 3-C), 131.62 (CH, 6-C), 131.15
(Cq, 4-C), 119.10 (Cq, 2-C), 107.82 (Cq, 6-C), 42.34 (CH2, 8-C), 37.40 (CH, 13-C), 33.67
(CH2, 14-C), 33.63 (CH2, 12-C), 31.93 (CH2, 23-C), 30.04 (CH2, 9-C), 30.16 - 29,36 (CH2,
15-C to 22-C), 27.35 (CH2, 10-C), 26.72 (CH2, 15-C), 26.37 (CH2, 11-C), 22.69 (CH2,
24-C), 14.10 (CH3, 25-C).
2,5-Dimethyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-
dione (DPPMeT2)
Under nitrogen 2.05 g (6.83mmol, 1.0 eq.) 3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H )-dione (DPPHT2) were dissolved in 50ml anhydrous DMF, 0.09 g (0.34mmol,
0.05 eq.) 18-crown-6 and 3.30 g (23.87mmol, 3.5 eq.) anhydrous potassium carbonate were
added to the solution and the mixture was stirred at 120 °C for 1 h. Afterwards, 4.3ml
(68.25mmol, 10.0 eq.) methyl iodide were dropwise added over 1 h. After stirring at 120 °C
for 16 h the cooled reaction mixture was concentrated under reduced pressure, diluted with
chloroform, washed with water and brine, dried over MgSO4 and evaporated to dryness.
The raw product was purified by column chromatography, using diethyl ether / chloroform
(volume ratio: 100 / 0, 50 / 50) and the target compound was extracted by chloroform
yielding a dark purple solid.
Yield: 1.82 g (5.54mmol, 81%)
MALDI-TOF-MS: [M]+: 328.0 (th. [M]+: 328.03)
Rf value: 0.19 (SiO2 / diethyl ether)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.89 (dd, 2H, 3-H, 3J 2/3=3.9Hz, 4J 1/3=1.3Hz), 7.65 (dd, 2H, 1-H,3J 1/2=
4.9Hz, 4J 1/3=1.3Hz), 7.28 (dd, 2H, 2-H,3J 1/2=4.9Hz, 3J 2/3=3.9Hz), 3.62 (s, 6H, 8-H).
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13C-NMR (CDCl3, 125MHz)
δ [ppm] = 161.27 (Cq, 7-C), 140.51 (Cq, 5-C), 135.13 (CH, 3-C), 131.07 (CH, 1-C), 130.54
(Cq, 4-C), 128.92 (CH, 2-C), 107.75 (Cq, 6-C), 29.37 (CH3, 8-C).
3,6-Bis(5-bromothiophen-2-yl)-2,5-dimethylpyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (DPPMeT2Br2)
To a mixture of 0.36 g (1.11mmol, 1.0 eq.) 2,5-dimethyl-3,6-di(thiophen-2-yl)pyrrolo-
[3,4-c]pyrrole-1,4(2H,5H )-dione (DPPMeT2) and 6.4ml chloroform were added 0.34ml
(4.10mmol, 3.7 eq.) pyridine and over 10min 0.23ml (4.44mmol, 4 eq.) bromine. After
stirring at 70 °C for 2 h complete conversion of the starting material was confirmed by
TLC and saturated, aqueous solution of Na2S2O3 was added. The mixture was poured in
methanol and the precipitates were collected, dissolved in acetone / chloroform (volume
ratio: 10 / 90) and passed through a silica gel plug. Finally, the product was further
purified by sublimation (200 °C, ≈ 10-2mbar, 72 h) yielding a purple solid.
Yield: 0.07 g (0.144mmol, 13%)
MALDI-TOF-MS: [M]+: 483.8 (th. [M]+: 483.86)
Rf value: 0.55 (SiO2 / 10% acetone in chloroform)
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1H-NMR (C2D2Cl4, 500MHz, 393K)
δ [ppm] = 8.51 (d, 2H, 3-H, 3J 2/3=4.2Hz), 7.28 (d, 2H, 2-H,3J 2/3=4.2Hz), 3.56 (s, 6H,
8-H).
13C-NMR (C2D2Cl4, 500MHz, 393K)
Solubility very low, but indications for signals at δ [ppm] = 138.72, 134.37, 131.35, 131.10,
119.27, 117.66, 106.50, 28.65.
(E)-1,2-Bis(5-(trimethylstannyl)thiophen-2-yl)ethene (TVT-Sn2)
To a solution of 2.03 g (10.53mmol, 1.0 eq.) (E)-1,2-di(thiophen-2-yl)ethene in 60ml
anhydrous THF and 30ml hexane were added 2.73 g (23.49mmol, 2.23 eq.) N,N,N´,N´-
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tetramethylethylenediamine at -50 °C. After cooling to -78 °C 9.7ml (24.25mmol, 2.30 eq.)
n-butyllithium (2.5M in hexane) were added dropwise over 30min. Afterwards, the
mixture was allowed to warm to -15 °C, further heated to 40 °C by a hot water bath and
cooled again to -78 °C where 24.2ml (24.20mmol, 2.30 eq.) trimethyltin chloride (1M in
hexane) were added over 60min. The reaction was stirred for 15 h while reaching room
temperature and diluted with diethyl ether and water. The organic phase was washed with
water, dried over Na2SO4 and evaporated to dryness. The target compound was obtained
as grayish-white needles by recrystallizations using isopropanol, hexane, and ethanol.
Yield: 4.37 g (8.44mmol, 80%)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 7.12 (d, 2H, 4-H, 3J 3/4=3.3Hz), 7.09 (s, 2H, 6-H), 7.07 (d, 2H, 3-H,
3J 3/4=3.3Hz), 0.37 (s, 18H, 1-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 148.39 (Cq, 5-C), 137.67 (Cq, 2-C), 135.90 (CH, 3-C), 127.15 (CH, 4-C), 121.38
(CH, 6-C), -8.13 (CH3, 1-C).
(E)-1,2-Di(thiazol-5-yl)ethene (TzVTz)
Under nitrogen atmosphere in a flame-dried flask 88mg (96.10µmol, 0.03 eq.) tris(dibenzyl-
ideneacetone)dipalladium(0) and 128mg (0.42mmol, 0.15 eq.) tri(o-tolyl)phosphine were
dissolved in 55ml anhydrous toluene and upon adding 2.21 g (13.50mmol, 4.79 eq) 5-
bromothiazole and 1.71 g (2.82mmol, 1.0 eq.) trans-1,2-bis(tributylstannyl)ethene the
solution was stirred at 115 °C for 16 h. The cooled reaction mixture was washed with
water and brine, dried over Na2SO4 and evaporated to dryness. The crude material
was purified by column chromatography using 0 - 15% acetone in chloroform followed by
recrystallization from isopropanol yielding the target compound in very high purity as
yellowish crystals.
Yield: 0.37 g (1.90mmol, 67%)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.69 (s, 2H, 1-H), 7.86 (s, 2H, 2-H), 7.07 (s, 2H, 4-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 152.05 (CH, 1-C), 142.62 (CH, 2-C), 136.89 (Cq, 3-C), 121.37 (CH, 4-C).
Distannylation of (E)-1,2-Di(thiazol-5-yl)ethene
In a flame-dried flask 0.10 g (0.49mmol, 1.0 eq.) (E)-1,2-di(thiazol-5-yl)ethene (TzVTz)
were dissolved in 10ml anhydrous THF at elevated temperatures before 0.16ml (1.04mmol,
2.1 eq.) N,N,N´,N´-tetramethylethylenediamine were added at -78 °C. After 10min 0.42ml
(1.04mmol, 2.1 eq.) n-butyllithium (2.5M in hexane) were added dropwise over 30min.
Upon stirring for 30min 1.09ml (1.09mmol, 2.2 eq.) trimethyltin chloride (1M in hexane)
were added over 20min and the mixture was allowed to reach room temperature while
being stirred for 15 h.
A sample taken from the untreated reaction mixture and evaporated to dryness was
analyzed by 1H-NMR and showed a composition of 10% starting material, 49% mono-
stannylated TzVTz-Sn and 41% di-stannylated TzVTz-Sn2. Upon standing for four days
at room temperature and protected from moisture, NMR measurements confirmed that
stannylated compounds completely decomposed yielding the starting material again.
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.66 (s, 1H, 1-H), 8.00 (s, 1H, 2-H), 7.83 (s, 1H, 5-H), 7.13 - 7.09 (m, 1H, 3-H),
7.03 - 7.00 (m, 1H, 4-H), 0.48 (s, 9H, 6-H).
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 7.98 (s, 1H, 2-H), 7.06 (s, 1H, 3-H), 0.47 (s, 9H, 1-H).
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4,9-Dibromo-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]phenan-
throline-1,3,6,8(2H,7H)-tetraone (NDI2DT-Br2)
A mixture of 0.79 g (1.86mmol, 1.0 eq.) 4,9-dibromoisochromeno[6,5,4-def ]isochromene-
1,3,6,8-tetraone (NDA-Br2) and 1.65 g (4.66mmol, 2.5 eq.) 2-decyltetradecan-1-amine
(NH2-2DT) in 6.1ml xylene and 2.1ml propionic acid was stirred at 140 °C for 2 h. The
cooled reaction mixture was diluted with ethyl acetate, washed with water and brine, dried
over MgSO4 and evaporated to dryness. Purification by column chromatography using
0 - 10% diethyl ether in hexane yielded the target substance as orange-yellow solid.
Yield: 0.60 g (0.55mmol, 29%)
Rf value: 0.21 (SiO2 / 5% diethyl ether in hexane)
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Molecular Weight: 1097,28
1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.99 (s, 2H, 8-H), 4.15 (d, 4H, 11-H, 3J 11/12=7.4Hz), 1.99 (m, 2H, 12-H),
1.45 - 1.16 (m, 80H, 13-H to 23-H and 13’-H to 21’-H), 0.88 and 0.87 (t each, 12H, 24-H
and 22’-H).
13C-NMR (CDCl3, 125MHz)[270]
δ [ppm] = 161.31 (Cq, 9-C), 161.27 (Cq, 10-C), 139.40 (CH, 8-C), 128.63 (Cq, 4-C), 127.91
(Cq, 6-C), 125.52 (Cq, 7-C), 124.32 (Cq, 5-C), 45.62 (CH2, 11-C), 36.57 (CH, 12-C), 32.12
and 32.09 (CH2, 20-C and 18’-C), 31.72 and 31.69 (CH2, 13-C and 13’-C), 30.25 - 29.47
(CH2, 15-C to 19-C and 15’-C to 17’-C), 26.56 (CH2, 14-C and 14’-C), 22.93 and 22.91
(CH2, 21-C and 19’-C), 14.37 (CH3, 22-C and 20’-C).
187
5 Experimental Part
2,7-Bis(2-octyldodecyl)-4,9-di(thiazol-2-yl)benzo[lmn][3,8]phenan-
throline-1,3,6,8(2H,7H)-tetraone (NDI2ODTz2)
In a flame-dried Schlenk tube to a solution of 0.58 g (0.59mmol, 1.0 eq.) NDI2OD-Br2
and 0.01 g (14.00µmol, 0.02 eq.) bis(triphenylphosphine)palladium(II) dichloride in 12ml
anhydrous toluene was added 0.53 g (1.41mmol, 2.4 eq.) 2-tri-n-butylstannylthiazole. After
stirring for 16 h at 90 °C the cooled reaction mixture was diluted with ethyl acetate, washed
with water and brine, dried over Na2SO4 and evaporated to dryness. The crude material
was purified by column chromatography using 0 - 20% ethyl acetate in chloroform (best
separation effect at 1%) and the target compound was obtained as orange-yellow solid.
Yield: 0.58 g (0.58mmol, 99%)
Rf value: 0.32 (SiO2 / 5% ethyl acetate in chloroform)
1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.94 (s, 2H, 8-H), 8.04 (d, 2H, 2-H, 3J 1/2=3.2Hz), 7.66 (d, 2H, 1-H,
3J 1/2=3.2Hz), 4.06 (d, 4H, 11-H, 3J 11/12=7.3Hz), 1.91 (m, 2H, 12-H), 1.44 - 1.13 (m,
64H, 13-H to 21-H and 13’-H to 19’-H), 0.86 and 0.85 (t each, 12H, 22-H and 20’-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 164.41 (Cq, 3-C), 162.24 (Cq, 9-C), 162.19 (Cq, 10-C), 143.46 (CH, 2-C), 139.40
(Cq, 4-C), 135.63 (CH, 8-C), 127.79 (Cq, 6-C), 126.04 (Cq, 7-C), 124.69 (Cq, 5-C), 122.05
(Cq, 1-C), 45.17 (CH2, 11-C), 36.57 (CH, 12-C), 32.05 and 32.03 (CH2, 20-C and 18’-C),
31.62 and 31.61 (CH2, 13-C and 13’-C), 30.16 - 29.44 (CH2, 15-C to 19-C and 15’-C to
17’-C), 26.44 (CH2, 14-C and 14’-C), 22.83 and 22.81 (CH2, 21-C and 19’-C), 14.26 (CH3,
22-C and 20’-C).
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2,7-Bis(2-decyltetradecyl)-4,9-di(thiazol-2-yl)benzo[lmn][3,8]phenan-
throline-1,3,6,8(2H,7H)-tetraone (NDI2DTTz2)
The synthesis was performed as described for NDI2ODTz2 using 0.70 g (0.64mmol, 1.0 eq.)
NDI2DT-Br2, 0.01 g (12.80µmol, 0.02 eq.) bis(triphenylphosphine)palladium(II) dichloride,
0.57 g (1.54mmol, 2.4 eq.) 2-tri-n-butylstannylthiazole and 13ml anhydrous toluene.
NDI2DTTz2was obtained as orange solid.
Yield: 0.64 g (0.58mmol, 90%)
Rf value: 0.44 (SiO2 / 7% ethyl acetate in chloroform)
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2,7-bis(2-decyltetradecyl)-4,9-di(thiazol-2-yl)benzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 8.95 (s, 2H, 8-H), 8.04 (d, 2H, 2-H, 3J 1/2=3.2Hz), 7.65 (d, 2H, 1-H,
3J 1/2=3.2Hz), 4.06 (d, 4H, 11-H, 3J 11/12=7.0Hz), 1.92 (m, 2H, 12-H), 1.48 - 1.04 (m,
80H, 13-H to 23-H and 13’-H to 21’-H), 0.88 and 0.87 (t each, 12H, 24-H and 22’-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 164.41 (Cq, 3-C), 162.25 (Cq, 9-C), 162.22 (Cq, 10-C), 143.47 (CH, 2-C), 139.42
(Cq, 4-C), 135.64 (CH, 8-C), 127.82 (Cq, 6-C), 126.08 (Cq, 7-C), 124.69 (Cq, 5-C), 122.05
(CH, 1-C), 45.19 (CH2, 11-C), 36.61 (CH, 12-C), 32.07 and 32.06 (CH2, 22-C and 20’-C),
31.66 (CH2, 13-C and 13’-C), 30.18 - 29.50 (CH2, 15-C to 21-C and 15’-C to 19’-C), 26.46
(CH2, 14-C and 14’-C), 22.83 and 22.82 (CH2, 23-C and 21’-C), 14.25 (CH3, 24-C and
22’-C).
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4,9-Bis(5-bromothiazol-2-yl)-2,7-bis(2-octyldodecyl)benzo[lmn][3,8]-
phenanthroline-1,3,6,8(2H,7H)-tetraone (NDI2ODTz2-Br2)
In a Schlenk tube 1.10 g (1.11mmol, 1.0 eq.) NDI2ODTz2 were dissolved in 6.4ml chlo-
roform whereupon 0.33ml (4.09mmol, 3.7 eq.) pyridine were added. After the dropwise
addition of 0.53ml (10.34mmol, 9.3 eq.) bromine (about 5min) the solution was stirred at
68 °C for 15 h protected from light. The cooled reaction mixture was diluted with ethyl
acetate, washed with saturated, aqueous Na2S2O3 solution and water. Solids were removed
by filtration and washed with hot ethyl acetate. The combined organic phase was washed
with water and brine, dried over Na2SO4 and evaporated to dryness. The raw product
was purified by column chromatography using 0 - 15% ethyl acetate in chloroform (best
separation effect at 0.5 - 3%) yielding the target compound as orange-red solid.
Yield: 0.79 g (0.69mmol, 62%)
Rf value: 0.42 (SiO2 / 3% ethyl acetate in chloroform)
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1H-NMR (CDCl3, 500MHz)
δ [ppm] = 9.16 (s, 2H, 8-H), 7.94 (s, 2H, 2-H), 4.09 (d, 4H, 11-H, 3J 11/12=7.3Hz), 1.94
(m, 2H, 12-H), 1.48 - 1.12 (m, 64H, 13-H to 21-H and 13’-H to 19’-H), 0.87 and 0.85 (t
each, 12H, 22-H and 20’-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 164.77 (Cq, 3-C), 162.63 (Cq, 9-C), 162.04 (Cq, 10-C), 144.59 (CH, 2-C), 138.40
(Cq, 4-C), 135.67 (CH, 8-C), 127.79 (Cq, 6-C), 126.17 (Cq, 7-C), 123.66 (Cq, 5-C), 113.31
(Cq, 1-C), 45.25 (CH2, 11-C), 36.60 (CH, 12-C), 32.06 and 32.04 (CH2, 20-C and 18’-C),
31.65 and 31.61 (CH2, 13-C and 13’-C), 30.18 - 29.47 (CH2, 15-C to 19-C and 15’-C to
17’-C), 26.43 (CH2, 14-C and 14’-C), 22.83 and 22.82 (CH2, 21-C and 19’-C), 14.26 (CH3,
22-C and 20’-C).
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4,9-Bis(5-bromothiazol-2-yl)-2,7-bis(2-
decyltetradecyl)benzo[lmn][3,8]-
phenanthroline-1,3,6,8(2H,7H)-tetraone (NDI2DTTz2-Br2)
The same procedure as for NDI2ODTz2-Br2 was applied here using 0.58 g (0.52mmol,
1.0 eq.) NDI2DTTz2, 3ml chloroform, 0.17ml (2.09mmol, 4.0 eq.) pyridine and 0.27ml
(5.22mmol, 10.0 eq.) bromine. Column chromatography was carried out with 0 - 2% ethyl
acetate in chloroform yielding the target compound as red solid.
Yield: 0.44 g (0.35mmol, 67%)
Rf value: 0.53 (SiO2 / 5% ethyl acetate in chloroform)
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4,9-bis(5-bromothiazol-2-yl)-2,7-bis(2-decyltetradecyl)benzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone
21'
22'
23
24
1H-NMR (CDCl3, 500MHz)
δ [ppm] = 9.17 (s, 2H, 8-H), 7.95 (s, 2H, 2-H), 4.10 (d, 4H, 11-H, 3J 11/12=7.4Hz), 1.94
(m, 2H, 12-H), 1.44 - 1.14 (m, 80H, 13-H to 23-H and 13’-H to 21’-H), 0.88 and 0.87 (t
each, 12H, 24-H and 22’-H).
13C-NMR (CDCl3, 125MHz)
δ [ppm] = 164.80 (Cq, 3-C), 162.67 (Cq, 9-C), 162.07 (Cq, 10-C), 144.63 (CH, 2-C), 138.45
(Cq, 4-C), 135.69 (CH, 8-C), 127.83 (Cq, 6-C), 126.23 (Cq, 7-C), 123.70 (Cq, 5-C), 113.32
(Cq, 1-C), 45.29 (CH2, 11-C), 36.64 (CH, 12-C), 32.08 (CH2, 22-C and 20’-C), 31.70 (CH2,
13-C and 13’-C), 30.19 - 29.50 (CH2, 15-C to 21-C and 15’-C to 19’-C), 26.47 (CH2, 14-C
and 14’-C), 22.84 (CH2, 23-C and 21’-C), 14.25 (CH3, 24-C and 22’-C).
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5.4 PNDI-TVTx Copolymer Series
The following data could already be published in the journal Advanced Materials as
online version: T. Erdmann, S. Fabiano, B. Milián-Medina, D. Hanifi, Z. Chen, M.
Berggren, J. Gierschner, A. Salleo, A. Kiriy, B. Voit, A. Facchetti, Advanced Materials
2016 (DOI:10.1002/adma.201602923).
5.4.1 Synthesis via Stille Coupling Polycondensation
To a dry Schlenk flask the appropriate amounts of 1 eq. 4,9-dibromo-2,7-bis(2-octyldodecyl)-
benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H )-tetraone, x’ eq. (E)-1,2-bis(5-(trimethylstan-
nyl)thiophen-2-yl)ethene (TVT-Sn2) and y eq. 1,2-bis(5-(trimethylstannyl)thiophen-2-yl)-
ethane, 0.16 eq. tri(o-tolyl)phosphine and 0.02 eq. tris(dibenzylideneacetone)dipalladium(0)
were added and the atmosphere replaced by nitrogen. After adding anhydrous toluene
(c(NDI-monomer)=0.022 M), the solids were properly dissolved. After stirring for 17 h
at 110 °C, 9 eq. bromobenzene were added and stirring was further maintained for addi-
tional 4 h. The cooled reaction mixture was poured into 37% hydrochloric acid /methanol
(15ml / 250ml) and stirred for 4 h before the precipitates were purified by Soxhlet extraction
using methanol, acetone, hexane, and chloroform. The polymers in the chloroform fraction
were precipitated in MeOH, collected and dried under vacuum at room temperature.
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PNDI-TVT100 (x’ = 1.0)
Yield: 98%
HT-GPC: Mn= 67.6 kg/mol, Mw= 190.2 kg/mol, Ð=2.81
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Elemental analysis: C: 75.73%, H: 8.94%, N: 2.80%
(calc. C: 75.69%, H: 8.93%, N: 2.76%)
PNDI-TVT80 (x’ = 0.8)
Yield: 98%
HT-GPC: Mn= 50.9 kg/mol, Mw= 122.3 kg/mol, Ð=2.40
Elemental analysis: C: 75.48%, H: 9.01%, N: 2.82%
(calc. C: 75.66%, H: 8.97%, N: 2.76%)
PNDI-TVT60 (x’ = 0.6)
Yield: 88%
HT-GPC: Mn= 33.8 kg/mol, Mw= 63.1 kg/mol, Ð=1.86
Elemental analysis: C: 75.49%, H: 8.98%, N: 2.80%
(calc. C: 75.63%, H: 9.01%, N: 2.76%)
PNDI-TVT40 (x’ = 0.4)
Yield: 89%
HT-GPC: Mn= 28.6 kg/mol, Mw= 59.9 kg/mol, Ð=2.09
Elemental analysis: C: 75.74%, H: 9.29%, N: 2.82%
(calc. C: 75.60%, H: 9.04%, N: 2.76%)
PNDI-TVT20 (x’ = 0.2)
Yield: 81%
HT-GPC: Mn= 18.6 kg/mol, Mw= 34.1 kg/mol, Ð=1.83
Elemental analysis: C: 75.55%, H: 9.18%, N: 2.83%
(calc. C: 75.57%, H: 9.08%, N: 2.75%)
PNDI-TVT10 (x’ = 0.1)
Yield: 76%
HT-GPC: Mn= 24.3 kg/mol, Mw= 42.4 kg/mol, Ð=1.74
Elemental analysis: C: 75.63%, H: 9.24%, N: 2.85%
(calc. C: 75.56%, H: 9.10%, N: 2.75%)
PNDI-TVT0 (x’ = 0.0)
Yield: 75%
HT-GPC: Mn= 25.3 kg/mol, Mw= 51.1 kg/mol, Ð=2.02
Elemental analysis: C: 75.85%, H: 9.28%, N: 2.86%
(calc. C: 75.54%, H: 9.11%, N: 2.75%)
Results of 1H-NMR measurements can be found in Chapter 3.1.4 (Figure 3.4 and Table3.1)
and in the Appendix (Figure A1).
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5.4.2 DFT Calculations
(Time-dependent) density functional theory, (TD)DFT, calculations (geometries, MOs,
vertical singlet transition energies) were performed in collaboration with B. Milián-Median
and Dr. J. Gierschner (Madrid Institute for Advanced Studies, IMDEA Nanoscience,
Madrid, Spain) on 10 tetramers consisting of 5 NDI and 4 TXT units, with X = V, E,
comprising all statistical combinations, i.e. 100% = VVVV, 75% = VVVE, VVEV, 50% =
VVEE, VEEV, EVEV, EVVE, 25% = VEEE, EVEE, 0% = EEEE. The B3LYP functional
and 6-311G* basis set was employed as defined in Gaussian09.[358]
5.4.3 Grazing Incidence X-ray Diffraction
GIXD was done at beamline 7.3.3 Lawrence Berkeley National Lab (LBNL) in collaboration
with D. Hanifi and Prof. A. Salleo (Stanford University, Stanford, California, USA). The
sample was secured inside a helium chamber, with O2 levels below 1%. The X-ray
wavelength was 1.24Å (10 keV), and the sample was irradiated at a fixed incident angle
of 0.125 degrees. The scattering patterns were recorded using a Pilatus 2M detector at
a fixed distance of 287.377mm.[359] 2D data reductions were analyzed using GIXSGUI
software package and peak information was accessed by guassian fitting.[360,361]
5.4.4 Fabrication and Electrical Characterization of TGBC-OFETs
TGBC-OFETs were fabricated on Corning Eagle 2000 glass substrates. The substrates were
sonicated sequentially in water, acetone, and isopropanol for 15min each. Source-drain
electrodes (3-nm-thick Cr adhesion layer and 30-nm-thick Au electrodes) were fabricated
using a conventional evaporation procedure through metal shadow mask (channel length
60µm, channel width 1000µm). The PNDI-TVTx copolymers were dissolved in anhydrous
toluene at 5mg/ml concentration, passed through a 0.2 µm polytetrafluoroethylene (PTFE)
syringe filter, and spin-coated at 1000 rpm for 30 s in a nitrogen filled glove box. The
spin-coated films were then thermally annealed at 150 °C for 30min under nitrogen to
remove residual solvents and enhance ordering in the crystalline phase. PMMA (Aldrich,
Mw=120 kg/mol) was used as the dielectric material without further purification. PMMA
was dissolved in 2-butanone to obtain a 70mg/ml dielectric solution, and it was spin-coated
at 1500 rpm for 40 s on the PNDI-TVTx film. Afterwards, the devices were stored at
80 °C for 3 h under nitrogen to remove residual solvent. The OFETs were completed
by depositing Al top-electrodes via thermal evaporation. The fundamental electrical
OFET characteristics were measured in ambient atmosphere by using a Keithley 4200
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semiconductor characterization system. The mobility and threshold voltage were calculated
in the saturation regime applying the gradual channel approximation equation.[362]
5.5 P(NDIR-TzVTz) and P(NDIR-Tz2) Copolymers
5.5.1 P(NDIR-TzVTz) - Stille Coupling Polycondensation
General procedure exemplarily for P(NDI2OD-TzVTz) batch TE194:
A flame-dried Schlenk flask was charged with 100mg (86.86µmol, 1.0 eq.) NDI2ODTz2-
Br2, 1.6mg (1.74 µmol, 0.02 eq.) tris(dibenzylideneacetone)dipalladium(0) and 4.2mg
(13.90µmol, 0.16 eq.) tri(o-tolyl)phosphine. Under nitrogen atmosphere 4.6ml anhydrous
toluene were added to completely dissolve the solids whereupon 52mg (86.86µmol, 1.0 eq.)
trans-1,2-bis(tributylstannyl)ethene were injected. After stirring the reaction mixture at
110 °C for 14 h 122mg (0.78mmol, 9.0 eq.) bromobenzene were added to the partially gelled,
dark blue mixture which was further stirred for 4 h before precipitation into MeOH/HClc
(200ml / 12ml). The collected precipitates were purified by Soxhlet extraction using MeOH,
acetone, hexane, chloroform (CF) and chlorobenzene (CB) yielding in 10mg (11%) CF
soluble, 38mg (43%) CB soluble and about 27mg (30%) insoluble material.
HT-GPC for TE194-CB: Mn= 35.6 kg/mol, Mw= 177.5 kg/mol, Ð=4.99. (Due to the
small amount TE194-CF was directly used for OFET device tests and not analyzed by
HT-GPC.)
1H-NMR (C2D2Cl4, 500MHz, 393K), exemplarily for TE248-CF
δ [ppm] = 9.26 and end groups 9.32/9.29/9.24/9.11 (br. s. and 4 s, 2H, 1-H), 8.09 and
end groups 8.28/8.09/7.68 (br. s and 3 d, 2H, 2-H), 8.09 (br. s., 2H, 2-H), 7.31 (br. s,
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2H, 3-H), 4.22 (br. s., 4H, 4-H), 2.10 (br. s., 2H, 5-H), 1.74 - 1.11 (m, 80H, alkyl-CH2),
0.93 (br. s., 12H, 6-H and 6’-H).
Batch TE196 was synthesized using 57mg (95.5 µmol, 1.1 eq.) trans-1,2-bis(tributylstannyl)-
ethene and 10ml toluene resulting in 54mg (61%) CF- and 24mg (27%) CB-fraction
whereas an insoluble residue did not remain. HT-GPC for TE196-CF: Mn= 11.7 kg/mol,
Mw= 50.3 kg/mol, Ð=4.29; for TE196-CB: Mn= 34.1 kg/mol, Mw= 86.9 kg/mol, Ð=2.55.
Batch TE248 was analogously prepared but using NDI2DT-Tz2-Br2 at a concentration
of c=10mg/ml in toluene affording 93% CF soluble P(NDI2DT-TzVTz) copolymer.
HT-GPC for TE248-CF: Mn= 35.6 kg/mol, Mw= 46.6 kg/mol, Ð=2.20.
5.5.2 P(NDIR-Tz2) - Stille Coupling and Active-Zinc
Polymerizations
Stille coupling polymerization for (PNDI2OD-Tz2) batch TE197-CF:
Under nitrogen atmosphere 100mg (86.86 µmol, 1.0 eq.) NDI2ODTz2-Br2, 1.6mg (1.74µmol,
0.02 eq.) tris(dibenzylideneacetone)dipalladium(0) and 4.2mg (13.90µmol, 0.16 eq.) tri(o-
tolyl)phosphine were dissolved in 4.6ml anhydrous toluene before 18 µl (28.5mg, 86.86µmol,
1.0 eq.) hexamethylditin were injected. After stirring at 110 °C for 17 h the purple-blue
solution was quenched by adding 122mg (0.78mmol, 9.0 eq.) bromobenzene followed
by stirring for 4 h. After precipitation into MeOH/HClc (200ml / 12ml) the collected
precipitates were purified by Soxhlet extraction using the order of solvents as described
above affording 47mg (55%) CF-soluble (PNDI2OD-Tz2). HT-GPC for TE197-CF: Mn=
6.2 kg/mol, Mw= 9.6 kg/mol, Ð=1.55.
Preparation of Rieke zinc:
In a glovebox 0.15 g (6.67mmol, 1.0 eq.) sodium pieces were added to a solution of 1.07 g
(8.34mmol, 1.25 eq.) naphthalene dissolved in 15ml absolute (abs.) THF. After stirring
(glass-coated stirring bar) at room temperature until complete consumption of the metal
(≈ 1 h) 0.50 g (3.67mmol, 0.55 eq.) ground, anhydrous zinc(II) chloride was added in
portions and the dark green solution turned to black. After stirring for 1 h the black
suspension was purified by four washing cycles comprising centrifugation, replacing the
liquid phase by fresh abs. THF and thoroughly suspending the sediment. The concen-
tration of Rieke zinc was determined by titration using a solution of iodine in abs. THF
(c= 0.105mol/l). A volume of 0.3ml suspension was diluted with abs. THF and the iodine
solution was added until the color change from black to colorless/yellowish.
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General procedure for active-zinc polymerizations:
In a glovebox 1.0 eq. of NDIRTz2-Br2 was dissolved in abs. THF (c(monomer)= 10mg/ml)
and an excess (2.5 - 3 eq.) Rieke zinc was added accompanied with an immediate color
change from orange-yellow to dark purple-blue. After stirring at r.t. for 1 h the mixture
was passed through a 0.2µm/0.45µm PTFE filter. In parallel, the respective amounts
for 0.02 - 0.05 eq. bis(acetonitrile)dichloropalladium(II) and tri-tert-butylphosphine were
separately dissolved, then combined (color change from light to dark orange) and stirred
at r.t. for at least 10minutes before being transferred to the activated monomer solution.
Subsequently, the reaction glass was placed on a heating plate at 65 °C and stirred for 30-
120min until the appearance of solids. After quenching with 1.25M HCl methanol solution
and precipitation into methanol the crude material was purified by Soxhlet extraction
using the solvent order as described above and the final fraction was precipitated into
methanol, collected by filtration and dried under reduced pressure at maximum 40 °C.
Furthermore, portions of the activated monomer solution were analyzed by 1H-NMR
spectroscopy upon quenching with 1.25M HCl methanol solution, followed by aqueous
washings, drying and evaporation to dryness or by EPR spectroscopy upon dilution to
0.1mM or 1.0mM. Another part was titrated with iodine in abs. THF as described for
Rieke zinc.
TE204-CF (R=2OD, 0.02 eq catalyst)
Yield: 87%
HT-GPC: Mn= 7.3 kg/mol, Mw= 16.1 kg/mol, Ð=2.2
TE202-CF (R=2OD, 0.025 eq catalyst)
Yield: 90%
HT-GPC: Mn= 12.2 kg/mol, Mw= 23.2 kg/mol, Ð=1.9
TE203-CB (R=2OD, 0.05 eq catalyst)
Yield: 92%
HT-GPC: Mn= 23.5 kg/mol, Mw= 42.3 kg/mol, Ð=1.8
TE241-CF (R=2DT, 0.05 eq catalyst)
Yield: 71%
HT-GPC: Mn= 17.5 kg/mol, Mw= 33.3 kg/mol, Ð=1.9
TE241-CB (R=2DT, 0.05 eq catalyst)
Yield: 22%
HT-GPC: Mn= 36.1 kg/mol, Mw= 50.5 kg/mol, Ð=1.4
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1H-NMR (C2D2Cl4, 500MHz, 393K), exemplarily for TE241-CF
δ [ppm] = 9.34 and end groups 9.34/9.29/9.13 (br. s. and 3 s, 2H, 1-H), 8.30 and end
groups 8.28/8.09/7.68 (br. s and 3 d, 2H, 2-H), 4.24 (br. s., 4H, 3-H), 2.12 (br. s., 2H,
4-H), 1.80 - 1.13 (m, 80H, alkyl-CH2), 0.92 (br. s., 12H, 5-H and 5’-H).
5.5.3 EPR Measurements
Continuous wave (CW) EPR spectra were recorded on an EMX-plus spectrometer (Bruker
Biospin) operating at X-band, equipped with the high-sensitivity resonator ER 4119 HS-
W1, and the variable temperature unit ER4141VT. Acquisition parameters were microwave
power of 1 to 0.05mW, modulation frequency of 100 kHz, modulation amplitude of 0.1G,
sweep width of 30G, time constant of 10.24ms, conversion time of 40.96ms, 64 scans, and
1024 data points. The temperature was controlled within ±1K. In a glovebox, the liquid
samples were diluted to the aimed concentration (1.0mM and 0.1mM) and loaded into
glass capillaries (100 µL) open on one side. The openings were then closed by an elastomer
before transferring them into quartz tubes with an inner diameter of 3mm.
Calculations were carried out in Matlab utilizing the EasySpin software package[363]
whereas simulation and fitting were performed assuming isotropic hyperfine interaction of
the unpaired electron with two sets of two equivalent nitrogen nuclei (aN1, aN2) and two
sets of two equivalent hydrogen nuclei (aH1, aH2). The resulting total of four nitrogen and
four hydrogen nuclei are assumed to be those of the ring system (2x N -NDI and 2x N -Tz;
2x H -NDI and 2x H -Tz).
Parameters of best fit for the sample measured in THF at 1.0mM, 295K and 0.1mW:
isotropic g value 2.0038, hyperfine coupling constant for two equivalent nitrogen nuclei
aN1=0.94G and aN2=0.78G and the respective value for equivalent hydrogen nuclei
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aH1=1.08G and aH2=0.77G, full width at half maximum Gaussian and Lorentzian line
widths 0.51 and 0.50, respectively and root-mean-square-deviation 0.0184.
5.6 Series of DPP-Based Copolymers
5.6.1 Stille Coupling Polycondensation Procedure
N
N
O
O
S
S
C10H21
S
n
C10H21
C8H17
C8H17
General procedure exemplarily for P(DPP2ODT2-T) batch TE97-LP-WL:
Under nitrogen atmosphere 204mg (0.20mmol, 1.0 eq.) of 3,6-bis(5-bromothiophene-2-
yl)-2,5-bis(2-octyldodecyl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H )-dione (DPP2ODT2Br2), 82
mg (0.20 mmol, 1.0 eq.) 2,5-bis(trimethylstannyl)thiophene, 3.7 mg (4 µmol, 0.02
eq.) tris(dibenzylideneacetone) dipalladium(0) and 4.9 mg (16 µmol, 0.08 eq.) tri(o-
tolyl)phosphine were dissolved in 20 ml degassed, anhydrous chlorobenzene and the
solution was placed into a preheated oil bath. After stirring at 130 °C for 3 d the cooled
crude polymer was precipitated in HClc / MeOH (8 ml / 100 ml), stirred overnight and
the collected solids were purified via Soxhlet extraction using MeOH, acetone, and hexane.
The final DCM fraction was diluted with CHCl3 and washed with 50 ml aqueous sodium
N,N -diethyldithiocarbamate solution at 60 °C for 2 h and afterwards four times with water
at room temperature. The polymer was isolated as dark solid by precipitation in methanol,
filtration and drying under vacuum at 40 °C (173mg, 92%).
P(DPP2ODT2-T) batches TE104-LP-WL and TE145-SPs:
Batch TE104-LP-WL was analogously synthesized (178mg, 95%). For TE145-SP the
polymerization was identically set up, but the reaction was quenched after 15min. After
Soxhlet purification the final DCM extract was precipitated into methanol, isolated
and dried in vacuo (171mg, 91%). Then, one portion was dissolved in chloroform and
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additionally washed as described (TE145-SP-WL) while the other part remained not
washed (TE145-SP-NW).
1H-NMR (C2D2Cl4, 393K, 500MHz)
δ [ppm] = 8.80 (2 H, br. s.), 7.40 (2 H, br. s.), 7.33 (2 H, br. s.), 4.09 (4 H, br. s.), 2.06
(2 H, br. s.), 1.70 - 1.10 (64 H, br. s.), 0.94 (12 H, br. s.) (Figure 3.52).
Further DPP-based copolymers:
Applying the general procedure also afforded access to P(DPP2ODT2), P(DPP2ODT2-T2),
P(DPP2ODT2-TT) and P(DPP2ODT2-TVT). There, hexabutylditin, 5,5´-bis(trimethyl-
stannyl)-2,2´-bithiophene, 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene and TVT-Sn2
were used as comonomers, respectively. Results of 1H-NMR measurements in C2D2Cl4 at
393K and 500MHz were in accordance with the literature.[296]
Series TE223 - short and long polymerization times and different washes:
The polymerization was prepared as described for TE97-LP-WL using 0.80mmol of the
monomers. After 15min half of the polymerization mixture (TE223-SP) was withdrawn
carefully under inert atmosphere and quenched in HClc /MeOH (16ml / 200ml), stirred
overnight and purified by Soxhlet extraction with MeOH, acetone, and hexane. The
final DCM extract of TE223-SP was then divided into three parts. The first portion
remained untreated (TE223-SP-NW), the second one was washed with water for 2 h at
60 °C (TE223-SP-WW) and the third part was washed with aqueous SDEDTC solution
and water (TE223-SP-WL), as reported for TE97-LP-WL. Afterwards, all three polymer
samples were individually precipitated into MeOH and dried in vacuo at 40 °C after
filtration. The second half of the polymerization mixture was stirred at 130 °C for 3 d
(TE223-LP) and cooled down before precipitation into HClc /MeOH (16ml / 200ml). After
stirring overnight and performing Soxhlet extractions TE223-LP was divided and treated
in the same way as described for TE223-SP resulting in a not washed (TE223-LP-NW), a
water-washed (TE223-LP-WW) and an SDEDTC-washed sample (TE223-LP-WL).
In sum, all six batches finally resulted in a total yield of 688mg, 91%.
5.6.2 GPC Monitoring of Stille Coupling Polycondensations
The polymerization was performed as mentioned above and catalyzed using different
palladium compounds in partially varying equivalents (Table 5.1). Reaction samples
(≈ 1ml) were withdrawn from the progressing polymerization at different polymerization
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times, quenched in 5ml of HClc /MeOH (volume ratio 8ml / 100ml), extracted with
chloroform, dried with MgSO4, evaporated to dryness and investigated by GPC.
Table 5.1: Catalysts /Catalytic systems used for GPC monitoring of P(DPP2ODT2-T) Stille
coupling polycondensations
Pd source Equivalentsa Ligand Equivalentsa Mn [kg/mol] (Ð)b
Pd(PPh3)4 0.04 - - 20.4 (3.33)
Pd2(dba)3 0.02 - - 4.2 (1.78)
Pd2(dba)3 0.02 P(o-tol)3 0.08 63.0 (8.26)
Pd2(dba)3 0.01 P(o-tol)3 0.04 33.7 (6.19)
Pd2(dba)3 0.001 P(o-tol)3 0.004 2.4 (1.23)
Pd2(dba)3 0.02 P(t-Bu)3 0.08 7.0 (2.36)
Pd(P(t-Bu)3)2 0.04 - - 10.9 (3.51)
Pd(P(t-Bu)3)2Cl2 0.04 - - 15.3 (7.81)
aWith respect to the monomer amount. bData for raw samples by GPC measurements based on
calibration with PS standards in chloroform at 40 °C. Reaction conditions: monomer concentration
0.1mol/l in chlorobenzene, 130 °C, 72 h.
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A.1 PNDI-TVTx Copolymers: 1H-NMR Deconvolution Study
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Figure A1: Collection of 1H-NMR spectra of PNDI-TVTx copolymers, measured in 1,1,2,2-
tetrachloroethane-d2 at 120 °C, showing an overview about the assignment of the signal
sections.[196]
Figure A1 presents a collection of the recorded 1H-NMR spectra of PNDI-TVTx copolymers
including the assignment of the signal sections to the respective protons. To examine
whether the resulting copolymerization products have random copolymer architecture, a
deconvolution study was performed on the well-resolved signal pattern of the aromatic
NDI protons I. How the deconvolution was performed is described in the following for
PNDI-TVT60, exemplarily.
First, a peak fitting was applied solely based on the theoretical shape of NMR peaks given
by Lorentzian equation (blue lines in Figure A2, Lorentzian factor 1.00). The fitting aimed
at achieving highest goodness of the fit (orange line, sum function) and minimum residual
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error (red line). (Note: As no other contribution than the Lorentzian was allowed, the
program shows “*LF -”.) The peak areas were extracted, their proportions calculated
and assigned to the respective triads TVT-NDI-TVT (peak at 8.87 ppm), TVT-NDI-TET
(two peaks at 8.85 ppm due to broken symmetry) and TET-NDI-TET (peak at 8.83 ppm).
For PNDI-TVT60 triad proportions of 39.0% TVT-NDI-TVT, 46.0% TVT-NDI-TET
and 15.0% TET-NDI-TET were estimated in this way (Table A1, experimental triad
percentage).
Afterwards, relative peak areas were calculated for each triad using the following equations
and the determined composition of PNDI-TVT60 with 59% TVT ([TVT]= 0.59) and 41%
TET ([TET]=0.41):
Triad Theoretical peak area Results
TVT-NDI-TVT [TVT]2 34.8%
TVT-NDI-TET 2[TVT][TET] 48.4%
TET-NDI-TET [TET]2 16.8%
with: [TVT]+ [TET]=1
and
[TVT]2+2[TVT][TET]+ [TET]2=1.
Finally, this procedure was carried out for each PNDI-TVTx copolymer including a
graphical comparison of theoretical and experimental values for the whole set confirming
the random copolymer architecture.
It is worth to note that different reasons such as state of solubility, field inhomogeneity
or weighting functions can cause peak shapes partially based on the Gaussian type.
Performing the peak fitting with a variable Lorentzian and Gaussian component/factor
for each individual peak resulted in a total numeric error for the final triad proportions of
only ± 1%.
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Figure A2: Section of the 1H-NMR spectrum of PNDI-TVT60 showing the table of peaks after
peak fitting applied to the signal pattern of aromatic NDI protons based on the theoretical shape
of NMR peaks given by Lorentzian equation (blue lines, Lorentzian factor 1.00) and aiming at
highest goodness of the fit (orange line, sum function) and minimal residual error (red line).[196]
Table A1: Results of the deconvolution study on PNDI-TVTx copolymers[196]
PNDI-TVTx
Molar
fraction [%]a
Theoretical / Experimental
triad percentage [%]
TVT TET [TVT]2 2[TVT][TET] [TET]2
PNDI-TVT100 100 0 100 / 100 0 / 0 0 / 0
PNDI-TVT80 79 21 62.4 / 65.1 33.2 / 30.8 4.4 / 4.1
PNDI-TVT60 59 41 34.8 / 39.0 48.4 / 46.0 16.8 / 15.0
PNDI-TVT40 39 61 15.2 / 20.8 47.6 / 48.8 37.2 / 30.4
PNDI-TVT20 18 82 3.2 / 7.2 29.5 / 35.9 67.2 / 56.9
PNDI-TVT10 9 91 0.8 / 2.5 16.4 / 23.1 82.8 / 74.4
PNDI-TVT0 0 100 0 / 0 0 / 0 100 / 100
a Experimental data obtained from 1H-NMR spectroscopy (Chapter 3.1.4, Table 3.1).
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A.2 PNDI-TVTx Copolymers: Collected UV/Vis Spectra
400 500 600 700 800 900 1000
0.0
0.1
0.2
0.3
0.4
0.5
0.6
N
o
rm
a
liz
e
d 
a
bs
o
rb
a
n
ce
 
[a.
u
.
]
Wavelength [nm]
 PNDI-TVT100
 PNDI-TVT80
 PNDI-TVT60
 PNDI-TVT40
 PNDI-TVT20
 PNDI-TVT10
 PNDI-TVT0
Film
Solution
Figure A3: Collected UV/Vis absorption spectra of PNDI-TVTx copolymers dissolved in CN
(solid lines) and as thin films (dashed lines) drop casted from toluene solutions.[196]
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A.3 PNDI-TVTx Copolymers: Cyclic Voltammograms
S1 
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Figure A4: Cyclic voltammograms of PNDI-TVTx copolymers as thin films on platinum disc
electrode in acetonitrile containing 0.1mol/l Bu4NPF6 as electrolyte and Fc/Fc+ as internal
standard. Measurements were performed at a scan rate of 50mV/s.[196]
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A.4 PNDI-TVTx Copolymers: Results of DFT Calculations
Figure A5: DFT-calculated frontier molecular orbitals of NDI-TVT and NDI-TET tetramers
with NDI endcapping and simplified methyl side chains. Color-atom-assignment: blue - nitrogen,
gray - carbon, red - oxygen, yellow - sulfur and white - hydrogen.[196]
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Figure A6: (TD)DFT-calculated absorption spectra of the NDI-TVT/TET tetramers. Note,
spectra of statistical isomers with the same TVT content were averaged.[196]
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A.5 PNDI-TVTx Copolymers: Results of GIWAXS Measurements
Table A2: Crystallographic data by GIXD for PNDI-TVTx thin films[196]
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Table S2. Crystallographic data by GIXD for PNDI-TVTx thin films 
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Grazing Incidence (Qz Out-of-Plane) 
(100) 0.27 23.33 0.29 21.88 0.30 21.20 0.29 21.42 0.30 21.00 0.32 19.85 0.32 - 
(200) 0.56 11.26 0.56 11.16 0.58 10.93 0.57 10.97 0.58 10.78 0.62 10.18 0.62 - 
(300) 0.79 7.92 0.82 7.64 0.85 7.41 0.85 7.42 0.86 7.29 0.94 6.68 0.93 - 
(400) - - 1.10 5.74 1.12 5.62 1.12 5.62 1.14 5.49 1.23 5.10 1.24 - 
(500) - - - - 1.37 4.59 1.32 4.75 1.38 4.56 - - 1.43 - 
Grazing Incidence (Qxy || In-Plane) 
(100) 0.26 23.94 0.26 24.28 0.27 23.20 0.27 23.47 0.27 23.41 - - - - 
(200) 0.52 12.05 0.52 12.02 0.54 11.72 0.54 11.57 0.54 11.54 - - - - 
(300) 0.79 7.98 0.77 8.17 0.79 7.96 0.78 8.06 0.79 7.94 - - - - 
(400) 1.05 5.98 1.06 5.93 1.17 5.39 1.17 5.37 1.09 5.77 - - - - 
(500) 1.30 4.85 1.30 4.84 1.28 4.92 1.37 4.59 1.36 4.62 1.36 4.62 - - 
   
Grazing Incidence (Qxy / Qz In&Out-of-Plane)  
* Qxy In-Plane 
(010)
π-π 
1.65 3.80 1.63 3.85 1.64 3.82 1.62 3.88 1.54* 4.08* 1.53* 4.11* 1.53* 4.10* 
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A.6: PNDI-TVTx Copolymers: Results of OFET Characterization
Table A3: Electrical characteristics of PNDI-TVTx TGBC-OFETs[196]
PNDI-TVTx
n-Channel (VDS=50V) p-Channel (VDS= -50V)
µ [cm2/Vs] Vth [V] Ion/Ioff µ [cm2/Vs] Vth [V] Ion/Ioff
PNDI-TVT100
0.801
(±0.188)
25.1
(±4.4)
≈103 1.84
(±0.50)·10–1
-38.6
(±6.0)
≈102
PNDI-TVT80
0.756
(±0.134)
31.2
(±7.1)
≈104 8.71
(±1.41)·10–2
-57.8
(±3.5)
≈103
PNDI-TVT60
0.416
(±0.044)
28.9
(±2.6)
≈104 9.81
(±1.10)·10–3
-40.0
(±2.2)
≈102
PNDI-TVT40
0.276
(±0.038)
36.1
(±2.9)
≈105 1.64
(±0.34)·10–3
-54.1
(±5.4)
≈102
PNDI-TVT20
0.074
(±0.018)
39.8
(±3.0)
≈107 2.80
(±1.60)·10–4
-66.0
(±2.4)
≈103
PNDI-TVT10
0.058
(±0.009)
36.4
(±4.3)
≈107 2.19
(±1.16)·10–6
-49.9
(±2.9)
≈102
PNDI-TVT0
0.005
(±0.002)
25.5
(±3.8)
≈106 NA NA NA
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Figure A7: Transfer characteristics of PNDI-TVTx TGBC-OFETs (L/W=60 µm/1000 µm)
measured under ambient conditions at different source-drain voltages (|VDS| = 30, 50, 80V).[196]
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A.7: P(DPP2ODT2-T) Copolymers: 3D AFM Images
TE104-LP-WL TE145-SP-NW 
Figure A8: 3D visualization of AFM height images of annealed thin films prepared from
TE104-LP-WL and TE145-SP-NW in the same way like the OFET devices. This presentation
illustrates the significantly different surface topology being less structured (left) or comprising
extended terraces (right), respectively.
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List of Abbreviations and Symbols
(TD)DFT (Time-dependent) density functional theory
1,2,4-TCB 1,2,4-Trichlorobenzene
1-MN 1-Methylnaphthalene
2DT 2-Decyltetradecyl
2OD 2-Octyldodecyl
µ Charge carrier mobility
µe Electron mobility
µh Hole mobility
Ci Dielectric capacitance
cRU Concentration of repeating units
Ioff Drain-source current in the off-state of the transistor (off current)
Ion/Ioff Current modulation ratio (on/off current ratio)
Ion Drain-source current in the on-state of the transistor (on current)
InI Integral intensity
L Channel length in a transistor
n-BuLi n-Butyllithium
Td Decomposition temperature at 5% weight loss
VDS Drain-source voltage
VGS Gate-source voltage
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Vth Threshold voltage
W Channel width in a transistor
A Acceptor
a.c. As cast
abs. Absolute
AFM Atomic force microscopy
ann. Annealed
b.p. Boiling point
BC Bottom-contact
BG Bottom-gate
CAS Charge accumulation spectroscopy
CB Chlorobenzene
CF Chloroform
CN 1-Chloronaphthalene
CT Charge transfer
CV Cyclic voltammetry
D Donor
DAP Direct arylation polymerization
DCM Dichloromethane
DFT Density functional theory
DFT Density functional theory
DSC Differential scanning calorimetry
EA Elemental analysis
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List of Abbreviations and Symbols
EPR Electron paramagnetic resonance
exp. Experimental
FET Field-effect transistor
GIXD Grazing incidence X-ray diffraction
GPC Gel permeation chromatography
HT-GPC High-temperature gel permeation chromatography
LBNL Lawrence Berkeley National Lab
LDA Lithium diisopropylamide
MIS Metal-insulator-semiconductor
MO Molecular orbital
NBS N -Bromosuccinimide
NDI Naphthalene diimide
NMR Nuclear magnetic resonance
OFET Organic field-effect transistor
OLED Organic light-emitting diode
OSC Organic solar cell
OTFT Organic thin-film transistor
PIA Polaron induced absorption
PMMA Poly(methyl methacrylate)
PS Polystyrene
PTFE Polytetrafluoroethylene
PVD Physical vapor deposition
RFID Radio-frequency identification
217
List of Abbreviations and Symbols
RMS Root mean square
SCP Semiconducting polymer
SDEDTC Sodium N,N -diethyldithiocarbamate
SET Single-electron transfer
T Thiophene
TC Top-contact
TET Dithienylethane
TFT Thin-film transistor
TG Top-gate
TGA Thermogravimetric analysis
TGBC-OFET Top-gate bottom-contact organic field-effect transistor
th. Theoretical
TMEDA N,N,N’,N’-Tetramethylethylenediamine
TVT Dithienylvinylene
Tz Thiazole
UV/Vis Ultraviolet-visible
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